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Abstract
An outdoor reversible microchannel heat exchanger, typically having vertical
headers and more than two passes, may be used in either air-conditioning or
heat pump mode in a reversible system. In heat pump mode, it functions as
an evaporator and refrigerant maldistribution among parallel microchannel
tubes creates unwanted superheated region, which lowers the heat trans-
fer between refrigerant and air. This thesis presents the experimental and
modeling study of refrigerant distribution in the vertical headers of outdoor
reversible microchannel heat exchangers. The total and liquid mass flow
rate in each microchannel tube is determined based on experimental mea-
surement. Two-phase flow in the transparent vertical header is visualized
by a high speed camera, in assist to understand the distribution among mi-
crochannel tubes. The effects of inlet conditions, header geometries and fluid
properties on two-phase flow in the header and refrigerant distribution among
microchannel tubes are examined.
Visualization reveals that refrigerant distribution is related to the size of
churn flow region in the header. The best distribution is at high mass flux
and low quality because the churn flow region is largest and immerses all
microchannel tubes at such inlet conditions. When mass flux is lower, the
churn flow region is smaller and the distribution is worse due to lack of
sufficient momentum to supply liquid to the top tubes. At higher quality,
besides lacking sufficient momentum to lift liquid, the churn flow region is
much smaller because the semi-annular flow appears at the bottom parts of
the header. The liquid film in semi-annular flow bypasses the bottom exit
tubes and makes these tubes get less liquid than other tubes in churn flow
region; hence, the distribution at high quality is worse. Therefore, for good
distribution, the momentum in upper region of the header should be high
enough to lift liquid to the top and the momentum in lower region of the
header (after the last entrance tube in the middle of the header) should not
ii
be too high to create semi-annular flow in the header.
Besides increasing inlet mass flow rate, the high mass flux in the header
may also be achieved by increasing tube protrusion or the number of tubes.
These methods usually enlarge the churn flow region in the header and im-
prove the distribution except at xin = 0.8, when the distribution may be
worse by increasing tube protrusion because the semi-annular flow region is
larger and more bottom tubes are bypassed by the liquid film.
The size of churn flow region in the header is also affected by fluid prop-
erties. For pure refrigerants, the churn flow region of R245fa is larger than
that of R134a, R410A, and R32, mainly due to its low vapor density and
high liquid-to-vapor density ratio. For refrigerant-oil mixture, the distribu-
tion is better at high oil circulation rate (OCR) because enough amount of
oil generates lots of small bubbles/droplets and a layer of foams at the in-
terface between liquid and vapor, which helps the mixing between the two
phases and increases the size of churn flow region, respectively. Both factors
improve refrigerant distribution.
Based on experimental results, a distribution function is derived to model
refrigerant distribution, by relating the liquid take-off ratio (i.e. the ratio of
liquid mass flow rate in the tube to that in the header immediately upstream)
with the inlet quality, vapor phase Reynolds number, and vapor phase Froude
number in the header immediately upstream of the microchannel tube. A
microchannel heat exchanger model, incorporating the distribution function,
is developed to evaluate heat exchanger capacity reduction because of refrig-
erant maldistribution. The capacity degradation is up to 30% for R410A and
5% for R134a in a two-pass MCHX, compared to the uniform distribution
case. The capacity degradation is related to the coefficient of variation of
refrigerant maldistribution for both pure refrigerant and refrigerant-oil mix-
ture, which is a function of the maximum liquid mass flux in the header.
In the last part, the pressure drop in the header is investigated. The pro-
cedures to calculate the pressure drop in the header for single-phase vapor,
single-phase liquid, and two-phase refrigerant are proposed based on experi-
mental results.
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Chapter 1
INTRODUCTION
Microchannel heat exchangers (MCHX) have come to the frontier of auto-
motive, residential, and commercial air conditioning and refrigeration appli-
cations for the advantages in compactness, higher heat transfer, and possible
charge reduction.
In a conventional air-conditioning system, a microchannel heat exchanger
can be used either as an evaporator or as a condenser, but the designs are dif-
ferent. For an evaporator, it is necessary to consider condensate drainage and
vertical microchannel tubes provide much better drainage than horizontal flat
tubes. Therefore, a microchannel evaporator usually has horizontal headers
with vertical tubes. For a condenser, there is usually no condensate and cost
is the main concern. Since headers are likely the most expensive parts in a
heat exchanger, they are preferred to be as short as possible. Vertical head-
ers are usually shorter than horizontal headers considering HX aspect ratio.
Therefore, a microchannel condenser usually has vertical headers with hori-
zontal tubes. This design also facilitates bending when a U-shape condenser
is needed (e.g. in a residential air-conditioning system).
A reversible system may be used to provide both cooling and heating (e.g.
for a building or a electric vehicle). In summer, a reversible system is run-
ning in air-conditioning (AC) mode. In winter, it is running in heat pump
(HP) mode. It may be easier and cheaper to design the indoor and outdoor
MCHX in a reversible system, called reversible MCHX, as those in a conven-
tional air-conditioning system while only the flow direction is changing when
a reversible system is switching between AC and HP mode. The outdoor
MCHX of a reversible system, usually having vertical headers and horizontal
tubes, is used as a condenser in AC mode and the overall flow direction in the
header is downward. It functions as an evaporator in HP mode and refrig-
erant flows in reversed direction. Mainly due to the difference of properties
between liquid and vapor, there is phase separation in the header, resulting in
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refrigerant maldistribution among parallel microchannel tubes. Refrigerant
maldistribution in an evaporator creates unwanted superheated region, where
the heat transfer is lower than the two-phase flow region due to the lower
superheated vapor heat transfer coefficient and less temperature difference
between refrigerant and air. Thus, refrigerant maldistribution deteriorates
reversible MCHX performance in HP mode, and consequently reduces sys-
tem efficiency. Although engineering is ahead of science and there are several
methods to improve refrigerant distribution, including: 1) providing single-
phase liquid into the header (e.g. by flash gas bypass [12, 13, 14, 15, 16, 17]),
2) creating homogeneous flow in the header (e.g. by a pressure swirl atomizer
[2, 18, 3] or a nozzle in front of the header [19, 15] and by a inserted device in
the header [20, 21, 22, 23, 24]), 3) varying header geometries (e.g. by reduc-
ing header length [25] and reducing header cross-section area [26, 27, 28]),
and 4) feeding fluid to tubes equally (e.g. by a conical distributor [1, 8]),
these methods do not work at all conditions and it is still very important
to understand the underlying physics. Thus, this study is to investigate the
two-phase flow in vertical headers and its effects on refrigerant distribution
among microchannel tubes.
An example of refrigerant maldistribution in the outdoor MCHX under HP
mode is shown in Figure 1.1. The MCHX has four passes. Although there
may be maldistribution in the first pass, it is likely still two-phase flow there,
as shown in the bottom part of Figure 1.1, so the capacity is not affected
too much. However, with the high qualities in the last few passes, refrig-
erant maldistribution (resulted from the two-phase flow in the intermediate
headers) creates unwanted superheated zone. Hence, the maldistribution in
the last few passes significantly affects the MCHX performance. Therefore,
this study focuses on the maldistribution caused by the two-phase flow in
the intermediate header (i.e. second-pass header, third-pass header, etc) of
reversible MCHX.
Refrigerant maldistribution problems have been extensively studied since
1949 in Keller [29]. Throughout the history of distribution studies, single-
phase fluid (air or water) was firstly used, e.g. in [29, 30, 31]. Then, the
two-phase effects attracted more attention. Air-water mixture became the
working fluid, as in [32, 33, 28], etc. However, the density ratio and interface
behavior of liquid and vapor refrigerant are dramatically different from those
of air-water mixture. They significantly change the two-phase flow behaviors
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Figure 1.1: Maldistribution in a multi-pass MCHX indicated by Infrared
image of surface temperature [1]
and distribution features. Thus, in recent years, two-phase refrigerant was
more commonly used. Although early interest was in plate heat exchangers,
as in [32, 34, 35], etc, the distribution studies in the past decade mainly fo-
cused on the microchannel heat exchangers. Refrigerant distribution studies
may be done qualitatively by examining infrared imaging of HX surface tem-
perature [36], air exit temperature measurement [37], and frost accumulation
patterns [8]. However, the more direct and maybe more accurate method is
to measure the mass flow rate in each tube and sometimes visualize the flow
patterns in the header, e.g. in [35, 38, 27, 39, 40].
Based on above investigation, this study uses two-phase refrigerant as the
working fluid in microchannel heat exchangers. The total and liquid mass
flow rate in each microchannel tube is measured while visualization of two-
phase flow in the vertical header is taken. Refrigerant is circulated into the
header through multi-parallel microchannel tubes in the bottom pass and
exits through multi-parallel microchannel tubes in the top pass represent-
ing the flow in heat pump mode of a reversible system. The objectives are:
1) to explore the effects of inlet conditions (mass flux and quality), header
geometries (tubes protrusion and number of tubes per pass), and fluid prop-
erties (pure refrigerants and refrigerant-oil mixture) on two-phase flow in the
header and refrigerant distribution among parallel microchannel tubes; 2)
to visualize, understand, and generalize the two-phase upward flow in the
vertical header; 3) to derive a distribution function for modeling refrigerant
distribution and simulating its effects on multi-pass MCHX performance; 4)
to examine the pressure drop in the vertical header.
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Besides this introductory chapter, this thesis includes six chapters. Chap-
ter 2 discusses the flow regimes and distribution of R134a in the vertical
header at various inlet conditions and different geometric parameters. Chap-
ter 3 examines the effects of fluid properties by comparing the distribution
of R245fa, R134a, R410A, and R32, and proposes an empirical method to
model distribution of all four fluids. Chapter 4 explores the effects of oil on
two-phase flow regime (in the header) and refrigerant distribution. Chapter
5 models the MCHX capacity reduction due to refrigerant maldistribution.
Chapter 6 focuses on the pressure drop in the vertical header.
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Chapter 2
FLOW REGIMES OF R134a IN THE
VERTICAL HEADER AND EFFECTS ON
DISTRIBUTION
R134a is usually used as coolant of a reversible system to provide both cooling
and heating, e.g. for a electric vehicle. R134 maldistribution in a reversible
microchannel heat exchanger significantly affects its performance. This chap-
ter experimentally explores R134a two-phase flow in the vertical header and
its effects on R134a distribution among parallel microchannel tubes. The
effects of inlet flow conditions and some header geometric parameters are
examined.
2.1 Literature Review
Refrigeration maldistribution due to two-phase flow in the header is a very
complex problem that is affected by numerous parameters: header geometry
and orientation, tube protrusion, fluid properties, and inlet mass flux and
quality, etc, as shown in the reviews of Hrnjak [41], Webb and Chung [28],
and Dario et al. [42]. Although this study focuses on the vertical header,
the studies in horizontal headers are also reviewed here to have better un-
derstanding on two-phase flow in the header.
2.1.1 Horizontal Header (Upward Flow in Tubes)
Refrigerant distribution in the horizontal header with upward flow in the
vertical tubes was explored in [43, 33, 5, 44, 45, 27, 46, 4, 47, 39, 3, 48, 49].
Typical flow patterns in the horizontal header with upward tubes are as
shown in Figure 2.1. It was usually observed at inlet quality up to 0.2, which
was usually the working conditions for this header. In Figure 2.1, liquid
flowed along the header at the bottom. After it hit the wall at the far end,
it returned from the top part of the header. Due to buoyancy effect, bubbles
5
stayed at the top once the two-phase fluid entered into the header. Due to
lower inertia than liquid, vapor was easy to branch out in the front part of
the header, and there were fewer bubbles in the rear part. This flow regime
caused the tubes close to the inlet had more vapor and the tubes away from
the inlet had more liquid. However, when the inlet quality was above 0.35,
the flow regime in the header became jet flow in Figure 2.2, as reported by
Ahmad et al. [3] in plate heat exchangers. This flow regime caused the middle
tubes got much less liquid than the tubes at two ends.
Figure 2.1: Flow pattern in a horizontal header with upward round tubes [2]
Figure 2.2: Flow patterns in a horizontal header with upward tubes at high
qualities[3]
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The flow pattern in Figure 2.1 was affected by inlet conditions and geo-
metric parameters. As inlet quality increased, there was more vapor in the
region close to the inlet so that more vapor branched out in the front tubes
and more liquid branched out in the rear tubes. Hence, the distribution
was worse [43, 33, 44, 27, 4]. As mass flux increased, more liquid returned
from the top part of the header. The vapor region close to the inlet became
smaller, as shown in Figure 2.3. It might improve distribution because more
tubes received liquid (e.g. Kim and Han [47]), or it might deteriorate distri-
bution because the liquid mass flow rates of the rear tubes were higher (e.g.
Watanabe et al. [43]). It depended on the test conditions examined.
Figure 2.3: Effects of mass flux on the flow regime in the horizontal header
with upward microchannel tubes [4]
For geometric factors, Vist and Peterson [27] showed that with shorter
inlet tube (between expansion valve and inlet header), the flow was more
chaotic since it was still in developing flow regimes. It helped the mixting of
vapor and liquid; thus, the distribution was more uniform. Cho and Cho [45],
Hwang et al. [39], and Kim et al. [48] presented the effects of inlet locations.
The parallel (to the tubes) and cross inlets generated better distribution
than the in-inline (to the header) inlet due to more circulation and mix-
ing. It seemed that changing the number of microchannel tubes and tubes
pitch had little effect on the distribution [43, 39]. There were controversial
results about the effects of microchannel tube protrusion. Kim et al. [44]
stated that microchannel tube protrusion created local circulation and acted
as mixer; thus, increasing tube protrusion improved distribution. However,
in Kim and Han [47] and Kim et al. [48], the distribution was worse by
increasing microchannel tube protrusion because the mass flux was higher
and more liquid branched out in the rear tubes. Other studies [4, 46] showed
that changing microchannel tube protrusion depth did not significantly affect
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the distribution. In an A-shape evaporator, which was commonly used in the
residential air-conditioning system, maldistribution was not only because the
flow regime in Figure 2.1. Since the evaporator was tilted, there was mald-
istribution even in a single microchannel tube [5], as shown in Figure 2.4.
Figure 2.4: Maldistribution among ports in a single microchannel tube of a
inclined evaporator [5]
2.1.2 Horizontal Header (Downward Flow in Tubes)
Refrigerant distribution in the horizontal header with downward flow in the
vertical tubes was examined in [50, 51, 52, 2, 27, 28, 53, 46, 4, 54, 47, 3, 55, 49].
The flow regimes in the header were more complex in this case, as summarized
in Figure 2.5 by Fei and Hrnjak [2]. It included stratified flow, liquid jet flow,
jet flow with front pooling, jet flow with rear pooling, and mist flow. At low
mass flux and quality, gravity was dominant. Liquid was at the bottom of the
header and the branched-out liquid was reducing along the flow. Increasing
mass flux and quality, a jet was formed in the header. Depending on the
conditions, sometimes front pooling was formed and the tubes close to the
inlet received more liquid; sometimes rear pooling was formed with the jet
flow and the tubes at the far end got more liquid. At very high mass flux
and quality, the flow pattern was mist flow. The mixing of liquid and vapor
were more homogeneous in the header. Thus, the distribution was more
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uniform. The authors also illustrated that these flow regimes in the header
was affected by the flow regimes in the inlet tube. Similar flow regimes in
the headers of plate heat exchangers were observed by Ahmad et al. [3].
Figure 2.5: Flow patterns in a horizontal header with downward round
tubes [2]
Due to the complexity of flow patterns in the header, different effects of
inlet quality and mass flux on the distribution were observed. It depended
on the flow regime at the base condition. Generally, as inlet quality and
mass flux increased, the velocity in the header was higher. It was likely to
supply more liquid to the rear part of the header. When the flow regime
was stratified at the base condition, more liquid branched out in the first few
tubes. Increasing mass flux or quality might improve distribution as more
liquid went to the rear part [52, 28]. On the other hand, when the flow regime
was jet flow at the base condition [46], more liquid branched out in the rear
tubes. Increasing mass flux or quality might deteriorate the distribution by
pushing even more liquid to the rear.
For geometric factors, the studies [27, 51, 52, 53] examined the effect of
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inlet tube on the two-phase flow in the header and the distribution among the
microchannel tubes. When the inlet tube (the distance between expansion
vale and inlet header) was short, it was still developing flow in the inlet tube,
as shown in Figure 2.6 by Bowers and Hrnjak [56]. The mixing of liquid
and vapor was better than the fully developed flow. Therefore, when liquid-
vapor mixture entered into the header. It was much more homogeneous and
the distribution was better. Kim et al. [55] showed that the parallel (to the
tubes) and cross inlets generated better distribution than the in-inline (to the
header) inlet. Increasing microchannel tube protrusion [28, 53, 46, 4, 54] or
reducing header cross-section area [27, 28] would reduce the flow area in the
header, so that the mass flux in the header was higher. It had similar effects
as increasing the inlet mass flux as discussed in the previous paragraph. In
other studies, Kim and Han [47] illustrated that the distribution was better
when there were fewer tubes. Tompkins et al. [50] presented that when the
ratio of the sum of outlet microchannel tubes area to the header cross-section
area was low, the distribution was good.
Figure 2.6: Developing flow (Section A) had better mixing than developed
flow (Section G) [56]
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2.1.3 Vertical Header
Although there was probably maldistribution in the downward flow of a ver-
tical header (i.e. there was a liquid pool formed at the bottom of the header,
so the bottom tubes had more liquid than the top tubes), as shown in Fig-
ure 2.7, it was barely studied quantitatively because it usually occurred when
MCHX was used as a condenser and maldistribution created the subcooling
region which did not affect MCHX performance significantly.
Figure 2.7: Infrared image showing maldistribution with downward flow in
the vertical header [6]
On the other hand, the flow in a vertical header became upward when it
was used as an evaporator. Refrigerant maldistribution created unwanted
superheated region which lowered the heat exchanger performance; thus,
most studies were done in this configuration.
Watanabe et al. [57] explored two-phase R11 upward flow in a vertical
11
header with five horizontal round tubes. The flow regime in the vertical
header was initially annular. Along the flow, the velocity became lower
due to losing mass. The flow regime transited to froth or slug flow. If
the subcooled liquid entered into the header, no liquid could reach the top
branches. Increasing inlet quality up to 0.3 resulted in the top branch tubes
had more liquid due to the higher velocity. This phenomenon was even more
significant if inlet mass flux was also increased.
Yoo et al. [51] visualized the distribution of air-water mixture in the vertical
header with microchannel tubes. The impacts of inlet quality and mass flux
on distribution were not obvious. The observed flow regimes were churn,
annular, and free-stream flow in the header.
Cho and Cho [45] investigated the distribution of R22 in a vertical header.
When R22 was supplied from the bottom, the bottom branch tube had the
largest amount of liquid. The liquid amount in the branch tube decreased
gradually as the flow went to the top. The distribution was affected by the
locations of inlet tube but changing inlet quality from 0.1 to 0.3 did not have
too much impact on distribution.
Lee and Lee [58] presented the distribution of air-water mixture in a square
vertical header with flat tubes. Annular flow was observed in the header
when there was no protrusion. The branched-out liquid amount reduced
gradually along the flow. Increasing tube protrusion changed the flow regime
and created the local recirculation in the header. Deeper protrusion caused
the downstream tubes to receive more liquid. The optimal protrusion was
obtained at 1
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depth when the distribution was almost uniform. The effects
of inlet quality and mass flux on distribution were not significant when tube
protrusion was present.
Lee [7] conducted experiment in a square vertical header with air-water
mixture, as shown in Figure 2.8. Fifteen flat tubes were not protruded into
the header. Visualization results showed three regions were formed in the
header with the annular inlet flow. In the first region, less and less liquid
branched out through the tubes along the flow. In the second region, the
liquid film separated from the wall at the highest location in this region, so
the branched-out liquid increased along the upward flow direction. In the
last region, the liquid recirculation appeared, but the trend of branched-out
liquid was similar to that in the first region. Both liquid film separation
location and recirculation in the header affected the distribution profile.
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Figure 2.8: Flow pattern in the inlet vertical header [7]
Adding to the work of Lee [7], the same author[59] attempted several op-
tions to obtain uniform distribution. The distribution was almost insensitive
to tube spacing, header diameter, and inlet conditions, but having branch
tubes protruded at 1
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of the header hydraulic diameter generated the optimum
distribution.
Lee [60] illustrated the effect of tube pitch on the distribution of air-water
mixture in the vertical header with flat tubes (no protrusion). For any inlet
conditions, with smaller tube spacing, the flow in the header is still developing
flow, resulting in less liquid branched out through the downstream tubes.
The infrared image of a microchannel coil in Bowers et al. [49] showed
R410A distribution was like that most liquid was in the bottom tubes and
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the top tubes received very little if any liquid.
Based on above studies, it could be conceived that the flow pattern and
distribution with upward flow in the vertical header were more complex than
the case with downward flow in the header. In most cases, the flow regime
in the header was initially annular and as the two-phase fluid branched out,
the flow regime became slug or churn, as shown in Figure 2.8. Increasing
inlet mass flux, quality (up to 0.3), and tube protrusion usually made the
top tubes receive more liquid. Cho and Cho [45] and Lee [60] presented that
the distribution in the vertical header was also affected by inlet locations and
tube pitch, respectively.
The above studies were all done for inlet vertical headers. Figure 1.1
showed that maldistribution in the last few passes with intermediate verti-
cal headers was more important. In the following studies, Song et al. [8]
and Dschida and Hrnjak [1] explored refrigerant distribution in a multi-
pass MCHX (including distribution in the last few passes with intermediate
headers) through frosting patterns and infrared imaging of surface temper-
ature, respectively. To the author’s knowledge, only Moura [26] and Byun
and Kim [9] investigated refrigerant distribution in the intermediate vertical
header quantitatively by measuring liquid mass flow rate in the tubes.
Song et al. [8] manifested the distribution of CO2 in the outdoor microchan-
nel coil under HP mode through frosting patterns, as shown in Figure 2.9. At
low qualities, liquid was only present in the bottom tubes. At high qualities,
both the top and bottom tubes received less liquid, i.e. most liquid was in
the middle tubes. The distribution was more uneven as quality in the header
increased.
Dschida and Hrnjak [1] studied R410A distribution in a multi-pass mi-
crochannel heat exchanger under HP mode using infrared imaging of MCHX
surface temperature. The red superheated zone was at the top part in each
pass, i.e. there is little liquid at the top if any, as shown in Figure 1.1.
Moura [26] investigated air-water mixture distribution in a two-pass HX.
In the second pass vertical header, liquid and vapor was strongly separated
and the bottom tubes had more liquid than the top tubes. Increasing inlet
mass flux and quality (up to 0.8) or decreasing cross-section area improved
distribution because the momentum in the header was higher.
Byun and Kim [9] presented the distribution of R410A in a two-pass mi-
crochannel heat exchanger. The inlet quality to the inlet header was 0.33
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Figure 2.9: Maldistribution in a multi-pass MCHX indicated by frosting
patterns [8]
and the average inlet quality to the second pass header was 0.65. The flow
patterns are shown in Figure 2.10. For the inlet header, a pool was formed at
the bottom, so the bottom tubes had more liquid than the top tubes. For the
second pass header, a two-phase jet entered into the header and formed a liq-
uid film. Because of the high axial momentum, only a little liquid branched
out through the bottom tube. Most liquid exited through the middle tubes,
so there was no more liquid for the top tubes. When mass flux was increased,
the distribution was changed, and most liquid exited from the top tubes.
Previous studies did not provide enough information, and understanding
of the two-phase flow in the intermediate vertical header is still limited.
Therefore, this chapter discusses the effects of inlet mass flux, inlet quality
(up to 0.8), tube protrusion, and the number of tubes per pass on R134a
two-phase flow in the intermediate vertical header and R134a distribution
among parallel microchannel tubes.
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Figure 2.10: Flow patterns in the vertical headers of a two-pass MCHX [9]
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2.2 Experimental Method
The test loop was constructed to study refrigerant distribution in intermedi-
ate vertical headers, as shown in Figure 2.11. Liquid refrigerant was pumped
to the inlet header while the inlet mass flow rate min was measured by a
mass flow meter (Micromotion D40, ±0.75%). The mass flow rate was con-
trolled by a bypass valve and a variable frequency drive. The temperature
Tsub (immersed thermocouple, ±0.5 ◦C) and pressure Psub (Sensotec TJE,
±1% FS) at the inlet of the first header were measured to ensure the fluid
was subcooled and to determine the enthalpy at the inlet. The subcooled
liquid was assumed to distribute evenly among the microchannel tubes in
the bottom pass, where refrigerant was heated to the desired quality while
the heaters were insulated. The set of six heaters per microchannel tube
was providing uniform heat supply. The power needed to determine the inlet
quality was measured by a watt transducer (Ohio Semitronics GW5-024CX5,
±0.2% FS). After refrigerant entered into the lower part of the header, it
turned 90 ◦ to flow upward and reach the upper part of the header. Due to
phase separation in the header, different amount of liquid exited through the
microchannel tubes in the top pass. In these tubes, refrigerant was heated
again to provide equal superheat at the exit. Each tube was heated by six
heaters and insulated. Each set of six heaters was individually controlled to
provide adequate power to generate the superheat, and was also individually
measured by a watt transducer (Ohio Semitronics GW5-024CX5, ±0.2% FS)
to determine the inlet quality into each exit tube. The temperature Tsup,i
(immersed thermocouple, ±0.5 ◦C) in each tube and pressure Psup (Sensotec
TJE, ±1% FS) were measured to determine the superheat. The mass flow
rate of single-phase superheated vapor was measured individually as the total
mass flow rate mout,i (of liquid and vapor) for each microchannel tube by a
mass flow meter (Micromotion D06, ±0.15%). The superheated vapor was
then brought to a condenser. With the help of a receiver and a subcooler,
the subcooled liquid was provided to the pump.
The enthalpy at each superheated point hsup,i was determined by Tsup,i and
Psup. Each outlet enthalpy from the header hout,i, i.e. inlet to each exit tube,
was determined as in Eq. 2.1.
hout,i = hsup,i − Qout,i
mout,i
(2.1)
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Figure 2.11: Test facility schematic
The pressure in the header Pheader was estimated as the average of Psub
and Psup. The outlet quality from the header xout,i could be determined
in EES [61] based on hout,i and Pheader. Then, the liquid mass flow rate in
each tube was obtained as in Eq. 2.2.
ml,out,i = mout,i(1− xout,i) (2.2)
A high speed camera, Phantom v4.2, was used for visualizing the flow
in the transparent header. The exposure time of the camera was set at 80
µs. The framing rate was at 2000 frames per second. The resolution was
256× 256 pixels.
Four circular headers were examined: 1) an aluminum header with five
inlet and five exit microchannel tubes protruded into the 1
2
depth of header’s
inner diameter as used in industry, 2) a transparent replica of the aluminum
one (5 + 5 1
2
depth protrusion header), 3) a transparent header with five
inlet and five exit microchannel tubes protruded into the 3
4
depth (5 + 5 3
4
depth protrusion header), and 4) a transparent header with ten inlet and
ten exit microchannel tubes protruded into the 1
2
depth (10 + 10 1
2
depth
protrusion header). The transparent ones were made of PVC tubes. The
gap between microchannel tube and PVC tube was sealed by a special epoxy
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(JB-WELD). It is the black material on the right side of the header in the
images. In addition, an epoxy block outside the PVC tube was made to
increase the pressure tolerance while still ensuring the transparency. The
geometries of the headers and microchannel tube are listed in Table 2.1.
Table 2.1: Header and microchannel tube geometries
Item Data
Header geometry
Inner diameter 15.44 mm for transparent header
14.94 mm for aluminum header
Length 170 mm for 5 + 5 header
300 mm for 10 + 10 header
Tube pitch 13 mm
Tube protrusion 1
2
depth or 3
4
depth of inner diameter
No. of tubes per pass 5 or 10
Microchannel geometry
Port shape Rectangular
Number of ports 17
Port length 0.54 mm
Port width 0.5 mm
Hydraulic diameter 0.5 mm
To examine the case of ten inlet and ten exit tubes using the same header
diameter (different circuiting), modification of the facility was made with the
intention to maintain the same number of mass flow meters (five) and the
same heaters and control strategy. Two neighboring exit tubes were com-
bined into one with a “Y” connection and heated together to be superheated.
Assuming that this change would affect the resolution of the distribution pa-
rameters only, the essence of the results should not change. Therefore, only
five liquid fraction results will be shown, whereas each one actually represents
the liquid amount in the neighboring two branches. As shown in Figure 2.12,
in order to facilitate the connection of 10 + 10 header, only five inlet mi-
crochannel tubes were connected and allowed refrigerant to pass through,
implicitly assuming the insignificant effect of inlet difference. The other five
inlet microchannel tubes were blocked and just served as obstruction in the
header.
The test conditions are shown in Table 2.2. The tests at xin = 0 and 1
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Figure 2.12: Schematic of the headers
were taken to provide two asymptotes for the two-phase flow. The mass flow
rate per microchannel tube, determined based on the air-side heat transfer,
was from 1.5 to 4.5 kg h−1; thus, the calculated total inlet mass flow rate min
is shown in Table 2.2. The tests at 2.22 g s−1 for 10 + 10 header were taken
so as to compare with the results at 2.14 g s−1 for 5+5 header. The tests at
10.44 and 12.50 g s−1 for 10 + 10 header were not taken due to the limitation
of the pump and the safety issues of the heaters. Based on Bowers et al.
[53], the mass flux defined by the smallest cross-section area in the header is
more representative when tube protrusion is present, so the maximum mass
flux in the middle of the header Gin as shown in Figure 2.11, will be used in
the following analysis.
Table 2.2: Test conditions for R134a
Item Data
Tsat 10
◦C
xin 0, 0.2, 0.4, 0.6, 0.8, 1
min 2.14 to 6.25 g s
−1 for 5 + 5 header
2.22 to 8.39 g s−1 for 10 + 10 header
Gin 21.80 to 63.67 kg m
−2 s−1 for 5 + 5 1
2
depth protrusion header
44.17 to 129.0 kg m−2 s−1 for 5 + 5 3
4
depth protrusion header
22.62 to 85.48 kg m−2 s−1 for 10 + 10 1
2
depth protrusion header
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2.3 Data Reduction
Two metrics are used to evaluate refrigerant distribution. The first one is
coefficient of variation σ. It is the dimensionless standard deviation, which
is defined as in Eq. 2.3.
σ =
1
m¯l
√√√√ 1
n
n∑
i=1
(ml,out,i − m¯l) where m¯l =
∑n
i=1ml,out,i
n
(2.3)
Uniform distribution is described by σ = 0. The worst distribution, for this
case with five results, is at σ = 2. The advantage of this metric is that
one number characterizes the goodness of distribution. However, in order to
illustrate the distribution profile, it is necessary to apply liquid fraction, as
defined in Eq. 2.4.
LFi =
ml,out,i∑n
i=1ml,out,i
(2.4)
For the case with five results, uniform distribution is described by LFi = 0.2
in each tube. An uncertainty propagation analysis is carried out in EES [61].
It is based on Eq. 2.5.
δU =
√√√√ n∑
i=1
∂U
∂yi
δyi where U = U(y1, y2, y3, ...) (2.5)
The uncertainty of σ is 4.5%, and the uncertainty of liquid fraction is 5%.
Due to experimental uncertainties, the sum of mass flow rate in the outlet
tubes of the header is not equal to the header inlet mass flow rate. To analyze
the results and develop a distribution function, the mass flow rate result in
each outlet tube is corrected as in Eq. 2.6 and Eq. 2.7.
mcout,i = m
meas
out,i CF (2.6)
CF =
mmeasin∑n
i=1m
meas
out,i
(2.7)
In addition, the liquid mass flow rate in each outlet tube of the header is
adjusted so that the sum is equal to the header inlet liquid mass flow rate,
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as in Eq. 2.8 and Eq. 2.9.
mcl,out,i = m
meas
l,out,iCFl (2.8)
CFl =
mmeasin (1− xmeasin )∑n
i=1m
meas
l,out,i
(2.9)
For 10+10 header, only five liquid flow rate results are obtained. To estimate
the flow rate in each tube for deriving a distribution function, it is assumed
that the mass flow rates (either liquid or vapor) of the neighboring two tubes
are equal.
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2.4 Results of Inlet Conditions Effects on Distribution
Figure 2.13 presents R134a distribution in the 5+5 aluminum 1
2
depth protru-
sion header. Figure 2.14 shows R134a distribution in the 5 + 5 transparent
1
2
depth protrusion header. The darkness of bar color represents different
branch tubes, the pale being the lowest exit branch and the dark being the
highest exit branch. The results of 5 + 5 aluminum and transparent headers
are very similar. The small discrepancy may be due to the different internal
areas. In each chart, the best distribution indicated by σ is at xin = 0.2 (the
lowest among two-phase conditions) and the highest inlet mass flow rate.
Figure 2.13: Distribution of R134a in 5 + 5 aluminum 1
2
depth protrusion
header
In Figure 2.14a, the liquid fraction of the top tube is higher as mass flow
rate increases, and the liquid fractions of the bottom branches do not change
much at the same time at xin = 0.2 and 0.4 while the liquid fractions of the
bottom branches reduce at xin = 0.6 and 0.8. At fixed mass flow rate, the
liquid fraction of the top tube reduces as quality increases. Meanwhile, for
the other branches, as quality increases, 1) at min = 2.14 and 3.17 g s
−1, the
bottom branches have higher liquid fractions; 2) at min = 4.19, 5.22, and 6.25
g s−1, more liquid leaves at the middle two tubes. Based on the values of σ in
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(a) distribution profiles
(b) coefficient of variation
Figure 2.14: Distribution of R134a in 5 + 5 transparent 1
2
depth protrusion
header
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Figure 2.14b: 1) at fixed mass flow rate, the distribution usually deteriorates
as quality increases; 2) at the same quality, the distribution usually improves
with increasing mass flow rate.
Figure 2.15 shows the total mass flow rate (of liquid and vapor) and quality
distribution at min = 6.25 g s
−1 in 5+5 transparent 1
2
protrusion header as an
example. It can be conceived that the liquid maldistribution in Figure 2.14
is due to both the total flow rate maldistribution and the quality maldis-
tribution among the tubes, however, the quality maldistribution is probably
more important because the profile of liquid distribution is very similar to
the profile of liquid mass fraction (which is 1 − xtube,i) distribution. Since
quality maldistribution is mainly a result of flow morphology in the header,
as shown in the visualization in Figure 2.16 and Figure 2.17, the maldistri-
bution in Figure 2.14 is related to the flow regimes in the header as in the
following discussion.
(a) total flow rate maldistribution (b) liquid mass fraction maldistribution
Figure 2.15: Distribution at min = 6.25 g s
−1
Two flow regimes are identified from the visualization: churn (Figure 2.16)
and semi-annular flow (Figure 2.17). The flow regimes are also listed in
Figure 2.14, where “C” denotes churn flow while “S” denotes semi-annular
flow (it was previously called separated flow in [62, 63, 64]). Semi-annular
flow is like annular flow, but due to tube protrusion, the annulus is not
complete. Thus, it is called semi-annular flow. Churn flow typically appears
at low qualities, whereas semi-annular flow usually occurs at high qualities.
Figure 2.16 shows churn flow in the header. Most of the header is occupied
by liquid refrigerant with bubbles, but at the top it is almost vapor only.
Because the horizontal velocity is low, when two-phase refrigerant enters into
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the header, bubbles turn and flow upward immediately due to the buoyancy
effects, whereas liquid falls, forming a pool or interacting with the upward
flowing vapor. Bubbles stir the liquid and form a local recirculation between
two microchannel tubes, though the mean velocity of liquid is upward. It is
hard to distinguish the interface of liquid and vapor. They are mixed almost
homogeneously.
Figure 2.16: Churn flow
Figure 2.17 shows semi-annular flow regime in the header. The void frac-
tion in the header is very high, so most volume of the header is taken by
vapor, but liquid is present in the form of liquid film along the inner wall
of the header. Although the velocity from the inlet microchannel tube is
high, it is still easy for vapor to turn and flow upward. However, a liquid
jet at the exit from the microchannel tube flows horizontally, hits the wall,
and forms a liquid film. The high speed vapor and liquid film flow upward
along the header. In the top exiting region, vapor with lighter density is
much easier to turn 90◦ and branches out, but liquid with larger density
and higher momentum tends to run through the header and bypassed the
first few microchannel tubes. As some fluid branches out, the velocity in
the header is reduced, and the liquid film starts to separate from the wall
at certain height. This location h, as shown in Figure 2.17, is defined as
liquid separation height. Above liquid separation height, the flow pattern
is locally churn flow. Some liquid flows horizontally and leaves through the
outlet microchannel tubes. Other liquid falls down through the gap between
microchannel tube and round header, so that creates a large recirculation
in the header. At the top of the header, the momentum is further reduced
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due to the two-phase fluid branches out. It results in liquid cannot reach the
top and the tubes there get very little if any liquid. The highest liquid level
H, as shown in Figure 2.17, is defined as liquid reach. Above liquid reach,
there is almost vapor only. Since there is also a vapor only region at the top
of churn flow in Figure 2.16, liquid reach is also present in churn flow, the
location of which also affects the distribution.
Figure 2.17: Semi-annular flow
Comparing Figure 2.16 with Figure 2.17, it can be seen that liquid distri-
bution is better in churn flow. It is because the opportunity of liquid supply
to each microchannel tube is similar when liquid occupies most part of the
header, i.e. in churn flow. Thus, the quality distribution is more uniform
and the refrigerant distribution is better. However, in semi-annular flow, in
only a small part of the header (between liquid separation height and liquid
reach), liquid is easily available in front of the entrance of exit tubes and
these tubes receive more liquid than the other tubes, so the distribution is
worse in semi-annular flow.
The changes of distribution in Figure 2.14 are results of flow regime changes
as inlet mass flux and/or quality varies. At low mass flux in Figure 2.18a, as
quality increases, the flow regimes are still churn flow, but the liquid reach
of churn flow is lower so more top tubes are lacking liquid. Therefore, the
distribution is worse. At high mass flux in Figure 2.18b, the flow regime
transits from churn to semi-annular and the liquid reach is also lower with
respect to inlet quality. Thus, liquid is available for less tubes and the distri-
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bution becomes worse. At low quality in Figure 2.19a, increasing mass flux,
the liquid reach is higher while the flow regime is still churn flow so that the
distribution is improved. At high quality in Figure 2.19b, increasing mass
flux also changes churn flow to semi-annular flow. However, the distribution
is much worse at low mass flux because the liquid reach is so low that more
top tubes are starved of liquid. As mass flux increases, the liquid reach is
higher and some liquid circulates down from the other side of the wall in
semi-annular flow; thus, the distribution is better than that at low mass flux
though it is semi-annular flow.
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(a) at low mass flux
(b) at high mass flux
Figure 2.18: Effect of inlet quality on two-phase flow and distribution
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(a) at low quality
(b) at high quality
Figure 2.19: Effect of inlet mass flux on two-phase flow and distribution
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2.5 Results of Geometry Effects on Distribution
To explore the effects of header geometries on distribution, the tube protru-
sion and the number of tubes per pass are varied.
Increasing tube protrusion has similar effects as reducing header diameter
or changing the header cross-section to D-shape because the cross-section
area in the header is reduced. When tube protrusion is increased to 3
4
depth
of inner diameter, the effects of min and xin on distribution is similar, as
in Figure 2.20. At fixed quality, only at xin = 0.2, the liquid fractions of
the bottom tubes do not change much though the liquid fraction of the top
tube increases as mass flow rate is higher, whereas at xin = 0.4, 0.6, and
0.8, the bottom ones reduce at the same time. At fixed mass flow rate, only
at min = 2.14 g s
−1, the bottom branches have higher liquid fractions as
quality increases; at the other mass flow rates, the top branches have higher
liquid fractions. Because of deeper protrusion, the maximum mass flux in
the header is higher though the mass flow rate and quality are the same.
Therefore, liquid can be lifted to a higher location in the header than in the
1
2
depth protrusion case, so the liquid fractions of top tubes are higher, and
the distribution is usually better, as shown in Figure 2.21a. The exception is
at xin = 0.8. At min above 3.17 g s
−1, the bottom two tubes have much less
liquid and the distribution is worse than that in the 1
2
depth protrusion case
because the higher momentum liquid film bypasses more tubes and separates
from the wall at a higher location, as shown in Figure 2.21b.
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Figure 2.20: Distribution profiles of R134a in 5 + 5 transparent 3
4
depth
protrusion header
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(a) at low quality
(b) at high quality
Figure 2.21: Effect of microchannel tube protrusion on two-phase flow and
distribution
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In Figure 2.22 for 10 + 10 header, the trend of results is similar to that for
5 + 5 cases: when inlet quality increases, the distribution is usually worse;
when mass flow rate increases, the distribution is improved. The mass flow
rate in each inlet microchannel tube is a consequence of design mostly affected
by air side heat transfer calculation. When the number of tubes in each pass
is doubled, so is the mass flow rate in the middle of the header. This would
help the top tubes to receive more liquid and hence improve distribution.
However, the header is longer than that in 5+5 configuration. It consequently
requires higher inertia forces to supply liquid to the top branch tube. All
of these factors affect distribution. The experimental results show that the
distribution is usually better for 10 + 10 transparent header when the mass
flow rate in one inlet microchannel tube is same, as shown in Figure 2.23a.
The distribution profiles between 5 + 5 (Figure 2.14) and 10 + 10 headers
(Figure 2.22) at the same mass flow rate in the header look very similar, also
shown in Figure 2.23b. Thus, the mass flux in the header is probably an
important parameter in determining distribution.
Figure 2.22: Distribution profiles of R134a in 10 + 10 transparent 1
2
depth
protrusion header
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(a) when the mass flow rate in the tube is the same
(b) when the mass flow rate in the header is the same
Figure 2.23: Effect of the number of tubes on two-phase flow and
distribution
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2.6 Analysis of R134a Flow Regimes and Distribution
R134a distribution is a result of two-phase flow regime in the header. There-
fore, generalization of the flow regimes can be used to evaluate the homo-
geneity of liquid and vapor phases in the header and maybe further the dis-
tribution. The generalization is accomplished by considering the two-phase
flow in the header as deviation of the two-phase flow in the vertical pipe. It
is because: 1) flow is developing; 2) mass flux is changing along the header;
3) tubes protruding in the header obstruct the flow. Thus, the superficial
momentum fluxes of liquid and vapor phases in Eq. 2.10 and Eq. 2.11, as used
by Hewitt and Roberts [65] to generalize the two-phase flow in the vertical
pipe, are applied here in attempt to generalize the flow regimes in the vertical
header. The flow regime map is shown in Figure 2.24 and a transition line
between churn and semi-annular flow is drawn. It is seen that the superficial
vapor momentum ρvj
2
v affects the flow regime more significantly. ρvj
2
v should
be below 10, so that the flow regime in the header is churn, which is necessary
for good distribution.
ρlj
2
l =
[Gin(1− xin)]2
ρl
(2.10)
ρvj
2
v =
[Ginxin]
2
ρv
(2.11)
Figure 2.24: Flow regime map in the vertical header
Bowers et al. [53], for example, showed that the flow regime in the inlet
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tube affected the flow regime in the header, so it is speculated that the flow
regime in the inlet microchannel tube affects the flow regime in the verti-
cal intermediate header and the distribution among the outlet microchannel
tubes in this study. As shown in Figure 2.25, Revellin et al. [10] presented
the flow regimes in the microchannel, which had similar geometry to the mi-
crochannel in this study. The flow regime map from Revellin et al. [10] is
shown in Figure 2.26.
Figure 2.25: Flow regime in the microchannel [10]
Figure 2.26: Flow regime map in the microchannel [10]
The transition line between intermittent and annular flow in Figure 2.26
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may be extended to lower mass flux, which is the conditions of this study. It
is compared with the transition between churn and semi-annular flow in the
header in Figure 2.27. These two transition lines are very close. It indicates
that when it is annular flow in the microchannel, it is more likely to have
semi-annular flow in the vertical header. On the other hand, when it is
intermittent flow in the microchannel, it is more likely to have churn flow in
the vertical header.
Figure 2.27: Relating flow regime in the header with the flow regime in the
microchannel
These phenomena may be explained further based on the discussion in Fei
and Hrnjak [2]. The Stokes number, defined in Eq. 2.12, which was used to
explain the two-phase flow in the horizontal header in Fei and Hrnjak [2], is
adopted in this study to explain the two-phase flow in the vertical interme-
diate header.
St =
τp
τf
=
(2ρp+ρf )d
2
p
36µf
5R
U0
=
Partical Response Time
Fluid Response Time
(2.12)
As shown in Figure 2.28, vapor with much lower density is easier to turn
in the header. At very low Stokes number, i.e. St  1.0, the droplet
velocity approaches the carrier vapor velocity and it can follow the vapor flow
closely. However, as St goes to ∞, the droplet velocity becomes unaffected
by vapor. Based on the study of Revellin et al. [10], at low qualities, it
is likely intermittent flow in the microchannel. Thus, the entrance velocity
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into the header from microchannel tube is low, but the droplets diameter are
probably very large. Therefore, St is probably high, so droplets do not follow
the flow of vapor. Due to gravity effects, droplets fall down after they enter
into the header. They form a liquid pool at the bottom or interact with the
upward flowing vapor and forms local circulation between two microchannel
tubes. This creates churn flow in the header. At high qualities, it is likely
annular flow in the microchannel. The droplet velocity entering into the
header is probably very high, also resulting in very high St and droplets do
not follow the vapor flow. Due to high inertia forces, droplets rush onto
the wall and form a liquid film. Although the upward vapor flow changes
the trajectory of jets of the other four inlet microchannel tubes except the
bottom one, these high momentum droplets jets still hit the wall and form a
liquid film. Therefore, semi-annular flow is formed in the header. Based on
above analysis, the flow regime in the header is affected by the flow regime
in the microchannel tube.
Figure 2.28: Effect of Stokes number on two-phase flow
Further analysis about the flow regime in the header is to generalize lo-
cal flow regimes between two microchannel tubes. The same method as in
Figure 2.24 is applied here. The local flow regime map is presented in Fig-
ure 2.29. Figure 2.29 can also be used to evaluate the two-phase flow in
the header. At high qualities, the local flow regime is semi-annular at first.
As two-phase fluid branches out, the superficial vapor momentum is reduced.
The local flow regime becomes churn. The tubes in the local churn flow region
have higher opportunity to receive liquid than those in the local semi-annular
flow region, resulting in refrigerant maldistribution. On the other hand, at
low qualities, the local flow regime is always churn in the two-phase flow
region. Thus, refrigerant distribution is much better than at high qualities.
However, evaluation of the homogeneity of liquid and vapor phases in the
header based on the flow regime map is not sufficient to evaluate distribution.
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Figure 2.29: Local flow regime map in the vertical header
Liquid momentum is another important factor. As shown in Figure 2.19a, at
low mass flux, though the local two-phase flow regime is churn throughout the
two-phase region in the header, the distribution is bad as the top tubes have
almost no liquid at all, due to the liquid reach below the top tubes. Liquid
reach is higher when inlet mass flux increases; thus, refrigerant distribution is
better. The maldistribution in Figure 2.18a is also due to liquid reach below
the top tubes. Besides, the variation of the liquid reach in semi-annular flow
(due to the changes of inlet mass flux and/or quality) also affects distribution,
as shown in Figure 2.18b and Figure 2.19b. Thus, generalization of liquid
reach is also necessary to evaluate distribution. The relative liquid reach
H/L is related to the maximum liquid mass flux Gl = Gin(1 − xin) in the
header, as shown in Figure 2.30. For 5 + 5 header, it is necessary to keep
Gl > 40 kg m
−2 s−1, so that liquid can reach the top tube. Such condition is
Gl > 100 kg m
−2 s−1 for 10 + 10 header. This is one necessary condition for
good distribution.
Another condition for good distribution is that there is no semi-annular
flow in the two-phase region of the header, which may be indicated by the
flow regime maps in Figure 2.24 and Figure 2.29. Or it may be predicted by
evaluating liquid separation height, as shown in Figure 2.17. When the liquid
separation height is below the first exit tube, the flow regime in the top exiting
region of the header is churn. Liquid separation height changes as inlet mass
flux and/or quality varies, as shown in Figure 2.18b and Figure 2.19b. The
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Figure 2.30: Generalization of relative liquid reach with liquid mass flux
relative liquid separation h/L can be generalized by relating it to vapor mass
flux Gv = Ginxin in the header, as shown in Figure 2.31. When Gv < 20
kg m−2 s−1, the local flow pattern below liquid reach is always churn, and
no tubes will be bypassed. This is another necessary for good distribution.
In order to achieve good distribution, both conditions for liquid reach and
liquid separation should be satisfied.
Figure 2.31: Generalization of relative liquid separation with vapor mass
flux
Based on the results in Section 2.4 and Section 2.5, mass flux in the header
significantly affects refrigerant distribution. To generalize R134a distribu-
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tion, the coefficient of variation of all headers at different inlet conditions is
related to the liquid mass flux Gl = Gin(1 − xin) in the header, as shown
in Figure 2.32. σ reduces as liquid mass flux increases, i.e. the distribution
is better. The curve-fitting correlation between coefficient of variation and
liquid mass flux in the header is obtained in Eq. 2.13.
σ = 0.8378 exp[−0.027Gin(1− xin)] (2.13)
Figure 2.32: Coefficient of variation decreases (i.e. better distribution) as
liquid mass flux increases
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2.7 Summary and Conclusion
This chapter investigates R134a distribution in MCHX with vertical head-
ers. The effects of inlet conditions and geometric parameters are examined.
Churn and semi-annular flow regimes in the header are identified. Based on
the visualization, R134a maldistribution is caused by lacking sufficient mo-
mentum to lift the liquid to the top tubes for both churn and semi-annular
flow and due to liquid film bypassing the bottom tubes in semi-annular flow.
The best distribution is found at the highest inlet mass flux and lowest
quality among the test conditions. As inlet quality increases, the distribution
is usually worse. As mass flux increases (by increasing inlet mass flow rate,
tube protrusion, or the number of microchannel tubes), the distribution is
usually improved. The only exception is at xin = 0.8, when increasing tube
protrusion, the distribution may be worse because more tubes are bypassed
by the liquid film of the semi-annular flow.
To generalize the results, the coefficient of variation is used to describe
distribution, while the flow regime maps, liquid reach and liquid separation
height are used to describe the flow pattern in the header, which implicitly
describes distribution. To have good distribution, it is necessary to have
churn flow in the header and the churn flow region should be large enough to
immerse all microchannel tubes. Such condition is constrained by Gl > 40
kg m−2 s−1 for 5 + 5 header and Gl > 100 kg m−2 s−1 for 10 + 10 header
while Gv < 20 kg m
−2 s−1 for both type headers.
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Chapter 3
GENERALIZATION OF REFRIGERANTS
DISTRIBUTION AND DISTRIBUTION
MODELING (FUNCTION)
After presenting that refrigerant distribution is a strong function of flow
regime in the header, the focus will be on developing a refrigerant distri-
bution correlation (function) to be incorporated in the MCHX model later.
To be more general on the distribution function, this chapter compares the
distribution of R245fa, R134a, R410A, and R32 in the same geometry. Then,
the method to model all four refrigerants distribution in the vertical header
is proposed.
3.1 Literature Review
To model distribution, some studies applied numerical method to predict dis-
tribution. Moura [26] numerically simulated air-water distribution in a two-
pass MCHX with vertical headers based on the two-fluid model. Only quali-
tative agreement with experiment results was obtained. Tompkins et al. [50]
discretized a header into several control volumes and applied modified sepa-
rated flow model to simulate distribution. Fei and Hrnjak [2] conducted CFD
simulation of R134a flow in horizontal headers using Eulerian-Eulerian model
in the commercial software Fluent. Comparing with experiment data and vi-
sualization images, reasonable simulation results were obtained. Ablanque et
al. [66] presented a numerical model, using the results of T-junction studies
to simulate the splitting flow phenomenon in the header. The accuracy of
this model strongly depended on the selection of the T-junction model. Ste-
vanovic [67] developed a computational multi-fluid dynamic (CMFD) code
based on numerical solving of the mass and momentum balance equations for
the flow of each phase and the corresponding closure laws for the calculation
of interface transfer of balanced parameters.
In other studies, an empirical distribution function was derived based on
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experimental results. Vist [20] applied the results of T-junction studies to
develop a quality distribution function at the round tube junction in the
horizontal cylindrical header. Jin et al. [68] proposed a distribution function
in the horizontal header (upward flow in the microchannel tubes) by relating
the branch tube quality with the ratio of vapor mass flux in the header
immediately upstream to total inlet vapor mass flux. Lee [7] considered
the cylindrical vertical header as a series of T-junctions, and predicted the
liquid distribution among flat tubes based on the studies of two-phase flow
at T-junction.
Watanabe et al. [43] developed two equations to predict vapor and liquid
mass flow rates in the branches of the horizontal header with upward round
tubes. They found that the vapor mass flux in the branch tube was a linear
function of the vapor mass flux in the header immediately upstream. For
liquid, they defined the liquid take-off ratio as the ratio of liquid mass flow
rate in the branch tube to liquid mass flow rate in the header immediately
upstream. It was related to vapor phase Reynolds number in the header
immediately upstream. Adding to the work of Watanabe et al. [43], the same
authors [57] proposed the correlations of liquid take-off ratio for two-phase
upward flow in the vertical header, as shown in Eq. 3.1. In annular flow,
the liquid take-off ratio was constant. In froth or slug flow, the liquid take-
off ratio was a function of vapor phase Reynolds number and liquid phase
Weber number in the header immediately upstream. Vapor was considered
as equally distributed among the tubes based on the measurement.
Γ =
0.243 annular flow7.62Re−0.3v,MWe−0.325l,M slug or froth flow for R11 (3.1)
Kim et al. [55] applied the approach of Watanabe et al. [57]. They related
both vapor and liquid taken-off ratio with vapor phase Reynolds number in
the horizontal header immediately upstream for three different inlet direc-
tions in MCHX. Byun and Kim [9] expanded the work of Kim et al. [55]
by relating both vapor and liquid take-off ratio with vapor phase Reynolds
number in the vertical header of MCHX. The liquid distribution function is
presented in Eq. 3.2.
Γ = 6.98Re−0.42v,M for R410A (3.2)
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Among the studies presented above, the distribution functions from Watan-
abe et al. [57] and Byun and Kim [9] are most relevant to this study because
of the orientation of the flow (even the first study focused on the case of
the round branches). However, Eq. 3.1 by Watanabe et al. [57] cannot be
directly implemented here because the value of liquid phase Weber number
is such that Eq. 3.1 does not generate any solution. On the other hand, the
solutions of Eq. 3.2 from Byun and Kim [9] deviate significantly from the
experimental results of this work, as shown in Figure 3.1. Therefore, it is
necessary to find a new method to model refrigerant distribution.
Figure 3.1: Comparing Eq. 3.2 with the experimental results
Although air-water [28, 7], R11 [57], R22 [45], R134a [27, 2, 53], R410A
[39, 9], and R744 [5, 8], for example, were used in the studies of refrigerant
distribution in both horizontal and vertical headers, the comparison between
different fluids in the same geometry was seldom studied. Zhang et al. [52]
and Kim et al. [55] respectively compared the distribution of R134a with that
of air-water in a horizontal header (different geometries) with downward mi-
crochannel tubes. The fluid properties affected the two-phase flow velocities,
which had a strong influence on refrigerant distribution. Because of the lower
values of air density and air-to-water density ratio than R134, the velocity of
air-water was higher. Thus, the rear tubes received more liquid for air-water
while the front tubes got more liquid for R134a. To the author’s knowl-
edge, no tests were done to compare different halocarbon refrigerants in the
same geometry to clarify the effects of their fluid properties on distribution,
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and the available empirical distribution function is only for a specific fluid.
Thus, this chapter examines the difference of R245fa, R134a, R410A, and
R32 distribution, then derives a distribution function considering all four
refrigerants.
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3.2 Results of Refrigerant Property Effects on
Distribution
Figure 3.2 and Figure 3.3 present the results of R410A distribution in the 5+5
and 10 + 10 transparent 1
2
depth protrusion headers, respectively. Figure 3.4
and Figure 3.5 show the distribution of R32 and R245fa in the 5 + 5 trans-
parent 1
2
depth protrusion header, respectively. Churn and semi-annular flow
are identified from visualization for all fluids. The flow patterns are listed
in Figure 3.2 to Figure 3.5 where “C” denotes churn flow while “S” denotes
semi-annular flow. The effects of inlet mass flux and quality on distribution
are similar for all fluids, including R134a, R410A, R32, and R245fa; as inlet
mass flux increases and/or quality decreases, the distribution becomes better.
Figure 3.2: Distribution profiles of R410A in 5 + 5 transparent 1
2
depth
protrusion header
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Figure 3.3: Distribution profiles of R410A in 10 + 10 transparent 1
2
depth
protrusion header
Figure 3.4: Distribution profiles of R32 in 5 + 5 transparent 1
2
depth
protrusion header
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Figure 3.5: Distribution profiles of R245fa in 5 + 5 transparent 1
2
depth
protrusion header
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Figure 3.6 compares the distribution of R245fa, R134a, R410A, and R32
at xin = 0.2. At such low inlet quality, the flow regimes in the header are
usually churn, as shown in Figure 3.7. Thus, the mixing of liquid and vapor
is almost homogeneous in the header. Maldistribution is mainly caused by
lack of sufficient momentum to supply liquid to the top tubes, specifically at
low inlet mass flux. The distribution of R245fa is best among the four fluids.
For R134a, R410A, and R32, the distribution is very similar. They are worse
than R245fa since the top tube does not get enough liquid. The distribution
of R32 at high inlet mass flux is a little worse than that of R134a and R410A
since there is even less liquid R32 in the top tubes.
Figure 3.6: R245fa, R134a, R410A, and R32 distribution comparison at low
qualities
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Figure 3.7: Flow regimes of R245fa, R134a, R410A, and R32 at low quality
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Figure 3.8 compares the distribution of R245fa, R134a, R410A, and R32
at xin = 0.8, when the flow regime is usually semi-annular, as shown in Fig-
ure 3.9. R245fa also has the best distribution among the four fluids. Based
on the visualization, the churn flow region of R245fa between liquid separa-
tion height and liquid reach is the largest. It provides opportunities for more
tubes to get liquid. The difference between R410A and R134a distribution
is significant. At low mass flux, e.g. min = 2.14 g s
−1, R410A distribution is
better than R134a, whereas at high mass flux, R134a distribution is better.
It appears to be a consequence of the fact that liquid R410A flows higher
than liquid R134a at the same inlet mass flow rate and quality conditions.
At low min, this effect causes R410A distribution to be better than R134a
because the liquid reach of R410A is higher than that of R134a, so that
more tubes are exposed to liquid and able to entrain liquid for R410A. At
high min, this effect makes R410A distribution worse because the liquid film
separation height of R410A is higher than that of R134a, resulting in more
bottom tubes being bypassed and starved of liquid for R410A. For R32, the
distribution is worse than R134a and R410A, except at min ≈ 2 g s−1. It
seems that the bottom exit tube is affected by the inlet flow. It results in
large amount of liquid in the bottom tube while there is less liquid entrained
by the middle tubes due to the semi-annular flow, causing worse distribution
of R32.
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Figure 3.8: R245fa, R134a, R410A, and R32 distribution comparison at
high qualities
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Figure 3.9: Flow regimes of R245fa, R134a, R410A, and R32 at high quality
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3.3 Analysis of Refrigerant Property Effects on
Distribution
Figure 3.10 and Figure 3.11 show the liquid reach and liquid separation
height of R245fa, R134a, R410A, and R32, respectively. The order of liquid
reach is R245fa > R410A > R134a > R32, as in Figure 3.10. As liquid
reach is higher, the top tubes have greater opportunity to receive liquid
and the distribution is better, so R245fa distribution is likely better. In
Figure 3.11, the order of liquid separation height is R410A > R32 > R245fa
> R134a. Therefore, the opportunity for liquid film to bypass the bottom
tubes is higher for R410A. Both liquid reach and liquid separation height in
the vertical header affect refrigerant distribution. Based on the visualization
and experimental measurement, the distribution of R245fa is best because
of the high liquid reach and not very low liquid separation height. On the
other hand, due to the low liquid reach and relatively high liquid separation
height, R32 distribution is worst. The liquid reach of R410A is higher than
that of R134a, which would indicate better distribution of R410A. However,
the liquid separation height of R410A is also higher than that of R134a which
would cause R410A distribution to be worse. Because both liquid reach and
liquid separation height are higher for R410A, the difference between R410A
and R134a distribution is affected by the balance between these two factors.
Based on the experimental results in Figure 3.8, R410A distribution is worse
because the effect of liquid separation height is more significant, and the
bottom tubes are starved of liquid.
Since the inlet flow rate and quality conditions are similar, the differences of
distribution between refrigerants are probably caused by fluid properties. Ta-
ble 3.1 presents some fluid properties at the condition explored, i.e. min ≈ 2
g s−1 and xin = 0.2, as an example. The vapor density is the most signif-
icantly different property between the refrigerants; the maximum value is
about two to three times higher than the minimum one. The order of vapor
density is R245fa > R134a > R32 > R410A. The vapor velocity of R245fa,
which is inversely related to vapor density, is the highest, and then R134a,
R32, R410A. However, the liquid velocity, though affected by the vapor ve-
locity, is the most important for distribution. For liquid velocity, besides the
vapor density, the density ratio between liquid and vapor ρr = ρl/ρv is also
important; when the density ratio is lower, the liquid velocity is closer to the
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Figure 3.10: Liquid reach of R245fa, R134a, R410A, and R32
Figure 3.11: Liquid separation of R245fa, R134a, R410A, and R32
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vapor velocity. The order of density ratio is R245fa > R134a > R32 > R410A,
so that the liquid velocity of R410A is closest to the vapor velocity. Based
on above analysis, vapor density and density ratio show opposite influence
on liquid flow. The consequence is the balance between these two effects. In
Figure 3.10, the liquid reach of R245, which has the lowest vapor density, and
R410A, which has the lowest density ratio, are higher than R134a and R32.
In Figure 3.11, the trend of liquid separation height is similar to the trend
of density ratio in Table 3.1, except for R245fa, which may be a consequence
of its high vapor velocity (i.e. low vapor density). However, this analysis is
for the same mass flux.
Table 3.1: Transport properties of R245fa, R134a, R410A, and R32 at
min ≈ 2 g s−1 and xin = 0.2
Tsat ρv ρl ρr µv µl γ
[◦C] [kg/m3] [kg/m3] [ - ] [kg/m-s] [kg/m-s] [N/m]
R245fa 32.58 11.05 1318 119.28 1.05E-05 3.66E-04 1.31E-02
R134a 3.40 16.22 1284 79.16 1.11E-05 2.55E-04 1.11E-02
R32 3.57 24.75 1043 42.14 1.16E-05 1.50E-04 1.04E-02
R410A 6.51 37.71 1149 30.47 1.24E-05 1.54E-04 0.83E-02
To further explore the effects of fluid properties, the non-dimensional anal-
ysis based on Buckingham PI theorem is applied. It indicates significance
of Froude, Reynolds, and Weber numbers. It is well known that Froude
number is the ratio of inertial to gravitational force; Reynolds number is the
ratio of inertial to viscous force; Weber number is the ratio of inertial to
surface tension force. The definitions of liquid and vapor Froude number,
Reynolds number, and Weber number are presented in Eq. 3.3 to Eq. 3.8.
Unfortunately, the mass fluxes of R32 and R245fa are about 10% higher
than those of R134a and R410A. Thus, the inertia term in Eq. 3.3 to Eq. 3.8
is a little different. To compare the effects of fluid properties in terms of
non-dimensional parameters, Froude number, Reynolds number, and Weber
number are calculated and presented in Figure 3.12.
Frl =
G(1− x)√
ρl(ρl − ρv)gL
(3.3)
Frv =
Gx√
ρv(ρl − ρv)gL
(3.4)
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Rel = G(1− x)D
µl
(3.5)
Rev = Gx
D
µv
(3.6)
Wel = ρl
[
G(1− x)
ρl
]2
D
γ
= [G(1− x)]2 D
ρlγ
(3.7)
Wev = ρv
(
Gx
ρv
)2
D
γ
= (Gx)2
D
ρvγ
(3.8)
In Figure 3.12, Frl, Rel, and Wel show good agreement with the trend
of liquid reach and liquid separation height for R410A, R134a, and R32 in
Figure 3.10 and Figure 3.11. Frl, Rel, and Wel of R410A are the highest.
The relative inertia force (compared to gravity, viscous, and surface tension
forces) of R410A is higher than that of R134a and R32. Therefore, the liq-
uid reach and liquid separation height of R410A are higher than those of
R134a and R32, as shown in Figure 3.10 and Figure 3.11. For the case of
R245fa, Fr, Re, and We show the same trend for vapor, while for liquid they
show a bit different behavior because of liquid density. The liquid reach and
liquid separation of R245fa are higher, in Figure 3.10 and Figure 3.11, prob-
ably due to the high vapor momentum of R245fa, as shown in Figure 3.12b,
Figure 3.12d, and Figure 3.12f.
Since generalization of flow regimes could indicate refrigerant distribution,
the flow regimes of R245fa, R134a, R410A, and R32 are summarized in Fig-
ure 3.13. The superficial vapor momentum is a more important parameter
than superficial liquid momentum. The transition line between churn and
semi-annular flow is approximately at ρvj
2
v = 10. Figure 3.14 summarizes the
local flow regime between two neighboring microchannel tubes of these four
fluids. The transition line between churn and semi-annular flow is slightly
different for different fluids: for R410A, it is at ρvj
2
v = 10; for R32, it is at
ρvj
2
v = 15; for R134a and R245fa, it is at ρvj
2
v = 35. The lower values of ρvj
2
v
indicate that it is more likely for R410A and R32 to have local semi-annular
flow in the header, which may not be good for refrigerant distribution.
The coefficient of variation (a measure of distribution) of R245fa, R134a,
R410A, and R32 is related to liquid mass flux in Figure 3.15. The values of
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(a) liquid Froude number (b) vapor Froude number
(c) liquid Reynolds number (d) vapor Reynolds number
(e) liquid Weber number (f) vapor Weber number
Figure 3.12: R245fa, R134a, R410A, and R32 non-dimensional parameters
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Figure 3.13: Flow regime map of R245fa, R134a, R410A, and R32
Figure 3.14: Local flow regime map (between two neighboring microchannel
tubes) of R245fa, R134a, R410A, and R32
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σ are similar for R134a, R410A, and R32, so one curve-fit correlation is used
generalize R134a, R410A, and R32 results, as shown in Eq. 3.9. However,
the values of σ for R245fa deviate from those for R134a, R410A, and R32
significantly. It may be due to the dramatic difference of R245fa properties
(e.g. density ratio). The curve-fitting correlation for R245fa is shown in
Eq. 3.10.
σ = 0.9684 exp[−0.027Gin(1− xin)] for R134a, R410A, and R32 (3.9)
σ = 0.6963 exp[−0.064Gin(1− xin)] for R245fa (3.10)
Figure 3.15: Coefficient of variation of R245fa, R134a, R410A, and R32
On the other hand, in the heat exchanger design, the heat exchanger ca-
pacity is usually given (typically driven by dominant air-side heat transfer
resistance). Refrigerant mass flow rate is related to the latent heat of va-
porization, since Q = m(hv,sat − hl,sat). Table 3.2 lists the latent heat of
vaporization of the four refrigerants. R32 has much higher latent heat of va-
porization than other refrigerants, therefore, its mass flow rate is much lower
for a given capacity. As shown in Figure 3.4, the distribution worsens as mass
flow rate reduces. Thus, the distribution of R32 could be even worse than
other refrigerants. To compare the distribution of R245fa, R134a, R410A,
and R32 at the same capacity, σ is obtained as a function of Gin(1− xin)hlv.
Gin(1 − xin)hlv has the unit of heat flux and is related to capacity. It is
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currently called the nominal heat flux. As shown in Figure 3.16, in the same
heat exchanger geometry and at the same nominal heat flux, the distribution
of R32 is worst, and then R410A, R134a, R245fa.
Table 3.2: Latent heat of vaporization
R245fa R134a R410A R32
hlv = hv,sat − hl,sat [kJ/kg] 183.74 191.5 214.19 309.95
Figure 3.16: Coefficient of variation vs. nominal capacity
Now that it is shown that vapor density and density ratio are crucial to
refrigerant distribution, Figure 3.17 explores which fluid may be a candidate
with good distribution in the same geometry. Based on current results, the
fluid with low vapor density and high liquid-to-vapor density ratio like R245fa
has good distribution, which is at the right bottom corner in Figure 3.17.
In Figure 3.17, R123 has similar vapor density and liquid-to-vapor density
ratio as R245fa; thus, it may be another candidate with good distribution.
Figure 3.17 includes two other extremes: CO2 (R744) and ammonia (R717).
CO2 has very high vapor density, so its vapor velocity may be very low and
there may not be enough momentum to lift liquid to the top, resulting in
worse distribution. On the other hand, though the vapor density of ammonia
is very low, similar to R245fa, its liquid density is also very low. This may
cause liquid ammonia velocity to be close to vapor ammonia velocity, allowing
the liquid film to easily bypass the bottom tubes in semi-annular flow; thus,
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the distribution would also be worse. Nevertheless, this hypothesis should be
experimentally validated in future. As discussed previously, refrigerant flow
rate is related to the latent heat of vaporization at given capacity. Therefore,
the latent heat of vaporization should also be considered when selecting fluid
for heat exchangers.
Figure 3.17: Comparing the vapor and liquid densities of different fluid
from −10 ◦C to 10 ◦C
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3.4 Distribution Modeling - Distribution function
To model refrigerant distribution, this section considers the distribution re-
sults of all four fluids, including R245fa, R134a, R410A, and R32, at various
inlet conditions and geometric parameters.
Refrigerant distribution is affected not only by the two-phase flow regime in
the header but also by the distribution of pressure drop in the heat exchanger.
Because there are several parallel microchannel tubes in each pass of the heat
exchanger, there are numerous flow paths in the heat exchanger. Each flow
path starts from the inlet of the heat exchanger and ends at the outlet of
the heat exchanger; thus, the pressure drop along each flow path is equal.
For example, if along one path the pressure drop in the header is greater
than along another flow path, the pressure drop in the tube must be lower,
resulting in the lower mass flow rate in that tube. This situation affects
refrigerant maldistribution in addition to quality distribution in the header
at the entrance of each tube. Hence, refrigerant maldistribution in an inlet
header with multiple parallel microchannel tubes is mainly caused by two
factors: header induced pressure drop and quality maldistribution. The total
mass flow rate (of liquid and vapor) in each tube is direct consequence of
both factors. In the geometry explored in this study, for example, the top
tube is expected to have the lowest total flow rate and pressure drop in the
microchannel tube. It is because the pressure drop along that flow path
is highest in the header due to the longest distance from header inlet (in
this case, in the middle of the header) to tube entrance. In addition, the
distribution of quality at the entrance to the tubes is also affected by the
pressure drop in the header but mainly as a result of the flow regime in the
header. Based on the discussion of Figure 2.15, the quality distribution seems
to be more important than pressure drop, as the profile of liquid distribution
is very similar to that of liquid mass fraction distribution. Therefore, to be
able to model refrigerant distribution, the most important task is to model
the distribution caused by the two-phase flow regime in the header.
As shown in Figure 3.18, the flow conditions leaving inlet tubes strongly
affect flow regime in the lower part of the header and thus influence the flow
regime in the upper part of the header. They determine the liquid volume
fraction at the entrance of the tubes and thus what will be entrained into the
tubes. For instance, at low inlet mass flux, due to low inertia, liquid reach is
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below the top tubes, so there is no liquid near the top tubes to be entrained.
On the other hand, at high inlet qualities, due to higher velocities, semi-
annular flow appeared in the header; thus, the tubes below liquid separation
height have less opportunity to entrain liquid because it is just a thin liquid
film there. It indicates that a model of distribution in the vertical header
should capture the effects of both liquid reach and liquid separation height.
Figure 3.18: Fluid in front of the exit tubes determines distribution
Some of the available methods are explored in an attempt to derive an
empirical distribution function. At the end, the approach by Watanabe et
al. [57] was modified to provide good prediction. Notations of the parameters
are shown in Figure 3.19. Liquid take-off ratio Γ, as defined in Eq. 3.11,
implicitly takes account of liquid reach and liquid separation height. Ideally,
when Γ = 0, there is no liquid in the exit microchannel tube i and the flow
regime in the header must be semi-annular. Liquid separation height is above
tube i. On the other hand, when Γ = 1, it means all liquid in the header
goes out through this microchannel tube i. There will be no more liquid
left in the header for the downstream tubes i + 1, i + 2, etc. The liquid
reach is between tube i and tube i+ 1. Thus, the distribution function using
liquid take-off ratio is able to capture the effects of liquid reach and liquid
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separation height.
Γ =
ml,out,i
ml,M,i
(3.11)
Figure 3.19: Header schematic and notations for distribution function
derivation
However, when the local flow regime in the header between two microchan-
nel tubes is semi-annular, Γ is not zero. Watanabe et al. [57] showed that Γ
was constant and equal to 0.243. Figure 3.20 presents the results of R134a
liquid take-off ratio of this study. When it is churn flow, Γ is scattered. On
the other hand, in the case of semi-annular flow, Γ is approaching a constant
value as Rev,M increases. For
1
2
protrusion, it is approximately 0.20. For 3
4
protrusion, it is approximately 0.05. Therefore, when Γ = 0.20 for 1
2
protru-
sion header and Γ = 0.05 for 3
4
protrusion header instead of Γ = 0, the local
flow regime in the header is probably semi-annular flow and liquid separation
height is above this tube i.
Making liquid take-off ratio Γ a function of vapor phase Reynolds number
(as defined in Eq. 3.12) is proven to be a good choice by Watanabe et al. [57]
and Byun and Kim [9]. The effects of Weber number do not adequately repre-
sent the situation in this project. For that reason, this model of distribution
adopted only effects of Reynolds number from Watanabe et al. [57]. Based
on Figure 3.21, at given inlet quality, the liquid take-off ratio is a function
of vapor phase Reynolds number. Γ deceases as Rev,M increases, similar to
the findings of Watanabe et al. [57] and Byun and Kim [9]. Thus, xin in the
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Figure 3.20: Flow regime effects on the liquid take-off ratio
middle of the header is introduced into the distribution function. The effects
of flow regimes on Γ is implicitly incorporated in the distribution function
when xin is adopted because churn flow is at low qualities and semi-annular
flow is at high qualities. As shown in Figure 3.22, the relationship between
Γ and Rev,M varies a little for different fluids at given xin. To generalize all
four fluids, another parameter should be used. The properties investigation
and non-dimensional analysis show that the two-phase flow in the header is a
strong function of vapor density and liquid-to-vapor density ratio. Therefore,
the vapor phase Froude number is chosen because it includes both terms. It
is defined as in Eq. 3.13.
Rev,M =
mM,ixM,i
Aµv/D
(3.12)
Frv,M =
mM,ixM,i
A
√
ρv(ρl − ρv)gL
=
mM,ixM,i
A
√
ρ2v(ρr − 1)gL
(3.13)
Making this liquid take-off ratio a function of inlet quality, Reynolds num-
ber (to capture inertia and viscous effects), and Froude number (to take into
account buoyancy/gravity effects) in the following form (Eq. 3.14) made good
regression of experimental results in this project.
Γ = axbinRe
c
v,MFr
d
v,M (3.14)
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Figure 3.21: Effect of inlet quality on R134a liquid take-off ratio
Figure 3.22 presents the least square curve-fitting results, including R245fa,
R134a, R410A, and R32. The obtained distribution function is shown in
Eq. 3.15. Figure 3.23 illustrates the accuracy of Eq. 3.15. About 75% data
are within ±30% of the measured results. Although, it is not perfect, it is
best available method to generalize the results.
Γ = 0.022x0.9261in Re
0.1092
v,M Fr
−0.9163
v,M (3.15)
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(a) xin = 0.2 (b) xin = 0.4
(c) xin = 0.6 (d) xin = 0.8
Figure 3.22: Distribution function for R245fa, R134a, R410A, and R32
Figure 3.23: Distribution function accuracy
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3.5 Summary and Conclusion
This chapter compares the distribution of R245fa, R134a, R410A, and R32
in the same header. For good distribution, the momentum in upper region of
the header should be high enough to lift liquid to the top, and the momentum
in the lower region of the header (after the last entrance tube in the middle
of the header) should not be too high to create semi-annular flow in the
header. In the same geometry of header and microchannel tubes as well
as similar inlet flow rate and quality conditions, refrigerant distribution is
affected by fluid properties. R245fa has lower vapor density and higher liquid
density than R134a, R410A, and R32. It results in higher R245fa liquid reach,
which is good for distribution in both churn and semi-annular flow, and the
liquid separation height of R245fa is not too high, which does not worsen the
distribution in semi-annular flow. Thus, the distribution of R245fa in the
vertical header is the best among the four fluids.
An empirical distribution function is obtained to generalize the results of
R245fa, R134a, R410A, and R32 and model refrigerant distribution due to
two-phase flow in the vertical header not only for the refrigerants tested but
also for other refrigerants and for some of the refrigerants tested over wider
range of operating parameters. By maintaining the relationship between
liquid take-off ratio and vapor Reynolds number proposed by Watanabe et
al. [57], the distribution function is obtained by relating the liquid take-off
ratio with the inlet quality, vapor phase Reynolds number, and vapor phase
Froude number in the header immediately upstream, i.e. in Eq. 3.15. The
function is able to capture refrigerant distribution caused by liquid reach and
liquid separation height in the header.
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Chapter 4
EFFECTS OF LUBRICANT ON
REFRIGERANT DISTRIBUTION
Lubricant, or oil, is essential in the air-conditioning and refrigeration sys-
tems to lubricate the sliding parts in the compressor. However, oil usually
does not stay in the compressor. It flows out of the compressor with refrig-
erant as droplets or rivulets [69]. When oil is present in other parts of the
system such as tubes and heat exchangers, it usually causes higher pressure
drop and lower heat transfer (sometimes increases heat transfer by improving
surface wetting) which deteriorates the performance of heat exchangers and
air-conditioning system. This chapter discusses the effects of PAG oil (46 cSt
at 40 ◦C) on R134a two-phase flow in the vertical header and distribution in
the tubes.
4.1 Literature Review
Since lubricant changed two-phase flow patterns in the air-conditioning sys-
tem, affecting components and system performance, there were some studies
that focused on refrigerant and oil flow in the horizontal tube. Worsoe-
Schmidt [70], Manwell and Bergles [71], and Poiate and Gasche [72] exam-
ined R12 and mineral oil. Foaming appeared at the interface between liquid
and vapor. Wongwise et al. [73] tested the flow of R134a and 5% PAG oil
(180 cSt at 40 ◦C). Depending on mass flux and quality conditions, foam was
either at the interface of liquid and vapor or occupied the whole tube and
formed froth flow. Castro et al. [74] investigated the flow of R134a and ester
oil. It was speculated that the formation of first bubbles was due to reduc-
tion of refrigerant solubility in the oil. As flow proceeded, more bubbles were
formed and foaming appeared. Bowers and Hrnjak [75] illustrated the flow
of R134a and 1.7% PAG oil (46 cSt at 40 ◦C). It was found that the addition
of oil created numerous droplets in the vapor region and lots of bubbles or
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froth in the liquid layer. The flow regime transited from stratified/wavy to
annular. Kim and Hrnjak [76] presented the effects of POE oil on CO2 flow
patterns. It was shown that foaming at the interface increased wetting on
the round tube. The size of foaming was a function of mass flux and quality.
To the author’s knowledge, the effects of lubricant on two-phase flow in
the header and refrigerant distribution in the microchannel heat exchanger
was not explored.
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4.2 Experimental Method
The same test loop as in Figure 2.11 was used. PAG oil (46 cSt at 40 ◦C)
was added into the system firstly. Then, refrigerant was added. Pump was
running for some time before testing, allowing oil and refrigerant fully mixed.
Oil circulation rate OCR is the ratio of oil mass flow rate to the total refrig-
erant and oil mass flow rate, as defined in Eq. 4.1. It was varied from 0.5%,
2.5% to 4.7% in this study.
OCR =
moil
moil +mref,l +mref,v
(4.1)
Only the transparent header with five inlet and five exit microchannel tubes
protruded into 1
2
depth of headers inner diameter was tested.
Since oil amount was very small and the exact amount of oil in each mi-
crochannel tube was unknown, pure refrigerant properties were adopted in
calculating liquid mass flow rate in each tube in Eq. 2.1 and Eq. 2.2. Co-
efficient of variation in Eq. 2.3 and liquid fraction in Eq. 2.4 were used to
describe the refrigerant distribution when oil is present.
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4.3 Results of Lubricant Effects on Distribution
The distribution profiles and coefficient of variation are shown at OCR =
0.5% in Figure 4.1, 2.5% in Figure 4.2, and 4.7% in Figure 4.3, respectively.
Results for pure R134a are shown in Figure 2.14. For two-phase flow, the
best distribution indicated by σ is at xin = 0.2 (the lowest) and the highest
inlet mass flux among the test conditions. For any given OCR, as qual-
ity increases, the distribution becomes worse because the top tubes have less
liquid. As mass flux increases, the distribution gets better since high momen-
tum liquid can reach the top part of header and is available to be entrained
by the top tubes.
Figure 4.1: Distribution of R134a and PAG 46 oil at OCR = 0.5%
Figure 4.4 shows the effects of oil on distribution in terms of coefficient
of variation. It is found that with a small amount oil (OCR = 0.5%), the
distribution is worse than pure R134a because the top tubes have less liquid.
By increasing OCR to 2.5% and 4.7%, the distribution get better, since the
top tubes gain more liquid. This trend is observed at both low and high inlet
qualities, while the improvement at lower qualities is more significant, e.g.
at xin = 0.2; the refrigerant distribution at OCR = 2.5% and 4.7% is even
better than pure R134a.
Two flow regimes are identified from the visualization of pure R134a in
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Figure 4.2: Distribution of R134a and PAG 46 oil at OCR = 2.5%
Figure 4.3: Distribution of R134a and PAG 46 oil at OCR = 4.7%
76
(a) xin = 0.2 (b) xin = 0.4
(c) xin = 0.6 (d) xin = 0.8
Figure 4.4: Oil effect on distribution (R134a and PAG 46 oil)
Figure 2.16 and Figure 2.17: churn and semi-annular flow. When oil is
present, the flow regimes are also as churn or semi-annular flow as listed in
Figure 4.1, Figure 4.2, and Figure 4.3, where “C” denotes churn flow while
“S” denotes semi-annular flow. However, oil does affect the details of flow
patterns in the header as in the following discussion.
In churn flow, since the mixing in the two-phase region is homogeneous,
maldistribution is mainly due to liquid momentum is low and the top tubes
are above liquid reach, especially at low mass flux (Figure 2.18a). When oil
is present, flow patterns in the header are varied, as shown in Figure 4.5. At
OCR = 0.5%, since oil amount is small, it does not change the flow pattern
significantly compared to pure R134a case. The distribution at OCR = 0.5%
is worse maybe due to oil increases liquid viscosity and it is harder for liquid
to flow to the top. However, at OCR = 2.5% and 4.7%, oil creates lots of
small bubbles/droplets or foams in the header such that light can hardly
penetrate. At the interface between liquid and vapor, there is a layer of
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foam, as pointed out in Figure 4.5a. By observation, this layer of foam
moves up and down periodically, as shown in the snapshots in Figure 4.6.
This phenomenon increases surface wetting so that more liquid can go to the
top tube than in the pure refrigerant case. The smaller droplets, bubbles
and foaming at the interface creates more homogeneous two-phase flow in
the header and more uniform refrigerant distribution at OCR = 2.5% and
4.7%. However, at low inlet mass flow rate, e.g. 3.17 g s−1 in Figure 4.5a,
the momentum is so low that there is still not enough liquid for the top tube.
Thus, the distribution is worse than at high inlet mass rate as in Figure 4.5b,
even though oil helps liquid and vapor mixing and increases the size of churn
flow region.
At high inlet mass flux and high qualities, the flow regime is semi-annular.
As shown in Figure 4.7, when oil is present, at OCR = 0.5%, the flow
pattern is not significantly different from pure R134a case. However, the
distribution at OCR = 0.5% is worse than pure R134a because the liquid
reach at OCR = 0.5% is lower probably due to the higher liquid viscosity. As
OCR increases to 2.5% and 4.7%, the liquid film on the wall is thicker so that
it is easier for the liquid film to separate from the wall and flows horizontally
to exit through the tubes. Therefore, the liquid separation height is lower.
On the other hand, a layer of foam is created at the liquid-vapor interface,
resulting in higher liquid reach. These two phenomena enlarge the local
churn flow region between liquid separation height and liquid reach so that
improves the distribution. Besides, the mixing in the local churn flow region
is more homogeneous because there are lots of droplets/bubbles, maybe with
smaller size. Thus, at OCR = 2.5% and 4.7%, oil also helps to improve the
distribution in semi-annular flow.
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(a) at low mass flux
(b) at high mass flux
Figure 4.5: Effect of oil on churn flow in the header
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Figure 4.6: Effect of foam on wetting at vapor and liquid interface
(snapshots in the region of top two tubes at min = 6.25 g s
−1, xin = 0.2,
and OCR = 2.5%)
Figure 4.7: Effect of oil on semi-annular flow in the header
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4.4 Analysis of Lubricant Effects on Distribution
It is attempted to explain the effects of oil by investigating the fluid proper-
ties. The pure R134a properties are obtained in EES [61]. The liquid density,
liquid viscosity, and surface tension of R134a and PAG oil mixture are cal-
culated in Eq. 4.2, Eq. 4.3, and Eq. 4.4, respectively. These equations were
generated based on the curve-fit of the experiment results in Seeton and Hrn-
jak [77]. Bowers and Hrnjak [75] used these equations in their study on the
two-phase flow in horizontal tubes with the same refrigerant and lubricant
combination. The coefficients in Eq. 4.2 and Eq. 4.3 are listed in Table 4.1,
which are also from Seeton and Hrnjak [77].
ρl,mix =a1 + a2T + a3T
2 + ω(a4 + a5T + a6T
2)
+ ω2(a7 + a8T + a9T
2) (4.2)
log10[log10(µl,mix + 0.7)] =b1 + b2 ln(T ) + b3 ln
2(T )
+ ω[(b4 + b5 ln(T ) + b6 ln
2(T )]
+ ω2[b7 + b8 ln(T ) + b9 ln
2(T )] (4.3)
γmix = γref + (γoil − γref ) · (1− ω) 12 (4.4)
ω = 1− OCR
1− xin (4.5)
Table 4.1: Coefficients for Eq. 4.2 and Eq. 4.3
a1 3.403743 b1 8.656882
a2 -0.010897 b2 -3.009702
a3 0.000006 b3 0.000000
a4 -3.55165 b4 5.213823
a5 0.013753 b5 -1.17072
a6 0.000006 b6 0.000000
a7 1.424533 b7 3.450021
a8 0.000591 b8 -0.84431
a9 -0.000024 b9 0.000000
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The results from Eq. 4.2, Eq. 4.3, and Eq. 4.4 at min = 6.25 g s
−1 and
xin = 0.2 are presented in Table 4.2 as an example. They are compared with
pure R134a properties. To explore the effects of these fluid properties, based
on the Buckingham PI theorem analysis in Section 3.2, the liquid Froude
number in Eq. 3.3, liquid Reynolds number in Eq. 3.5, and liquid Weber
number in Eq. 3.7 are examined since oil affects only liquid properties.
Table 4.2: Difference of R134a and PAG 46 oil mixture properties from
pure R134a
min = 6.25g s
−1
xin = 0.2 Liquid density Liquid viscosity Surface tension
OCR = 0.5% −0.01% 124.30% 17.31%
OCR = 2.5% −0.03% 138.30% 48.88%
OCR = 4.7% −0.05% 163.50% 68.90%
When the header geometry is fixed and the inlet mass flow rate and quality
are the same, only fluid properties affect the distribution. It is found that
the liquid density of the mixture does not change significantly even if OCR is
increased to 4.7%. However, with a small amount of oil (i.e. OCR = 0.5%),
the liquid viscosity is already increased by over 100%; therefore, the liquid
Reynolds number is half of that for pure R134a. Oil makes it harder for liquid
to flow up and reach the top tubes, worsening the distribution. On the other
hand, as OCR increases over 2.5%, the surface tension is increased by 50%.
The higher surface tension generates more bubbles/droplets of smaller size in
the churn flow region so that improves the mixing in this region. This helps
to improve distribution at both low and high inlet qualities.
Oil also affects the flow patterns in the header by creating a layer of foam at
the interface between liquid and vapor at high OCR as shown in Figure 4.6.
This layer of foam increases the size of churn flow region, which is another
reason for improved distribution at high OCR. It is noticed that pure liquid
does not foam. Synthetic oil, such as PAG oil, usually contains some surface-
active additives (surfactant). Foam is created because of the accumulation
of these surfactant at the interface. Foam is essentially unstable and tends to
collapse to liquid (which is the lowest energy state) if left to rest. The surface-
active additives, which tend to stay at the wall of foam, oppose the collapse
of foam. The stirring or mixing of vapor and liquid in the header also help
to maintain the foam at liquid-vapor interface. The foam generation and
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stability is affected by viscosity, dynamic surface tension, Gibbs elasticity
and interfacial shear, and dilatational viscosity, according to Randles and
Rudnick [78]. Among these parameters, the Gibbs elasticity, which is related
to surface tension gradients and Maragnoni effects, is believed to be most
important. The distribution of surface-active additives on the foam wall
creates the surface tension gradients in the liquid layer where some locations
have high surface tension and other locations have low surface tension. When
the rate of surfactant diffusion is just right, the thin spots on the foam wall
(points of likely bursting) can be repaired. More detailed analysis about
foam generation and stability was presented in Joseph [79]. Although the
exact values of some properties relating to foam generation and stability are
not available for R134a and PAG oil mixture, it is speculated that as PAG
oil amount increases, the viscosity, Gibbs elasticity and interfacial shear also
increase; thus, the foam is more stable.
Hewitt and Roberts [65] flow regime map for the vertical tube is used
to generalize the flow regimes of pure refrigerant in the vertical header in
Figure 2.24. The same method is used to generalize the flow regimes in this
chapter when there is oil. The superficial momentum fluxes of liquid and
vapor phases are used as in the horizontal and vertical axises, respectively,
in Figure 4.8. It is observed that the presence of oil does not significantly
affect the transition between churn and semi-annular flow.
Figure 4.8: Flow regime map of R134a and PAG 46 oil in the vertical header
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However, oil affects flow patterns in terms of liquid reach and liquid sepa-
ration height. The relative liquid reach H/L is related to the liquid mass flux
in the header in Figure 4.9, where it is observed that the liquid reach is influ-
enced by the amount of oil. At OCR = 0.5%, the liquid reach is below pure
R134a case. As OCR further increases, the liquid reach is higher because of
the layer of foaming at the interface. At OCR = 4.7%, the liquid reach is
above pure R134a case. The effect of oil on liquid reach is also manifested by
plotting the liquid reach against OCR in the example in Figure 4.10. The
high enough liquid reach is necessary for the top tube to receive liquid. In
churn flow, distribution is mainly affected by liquid reach; thus, the distribu-
tion is worse at OCR = 0.5% and it is better as OCR further increases. The
liquid separation height, as a function of vapor mass flux, is also affected
by OCR, as shown in Figure 4.11. As OCR increases, the liquid separa-
tion height is lower so that fewer tubes are bypassed by the liquid film and
the distribution may be improved. In semi-annular flow, at OCR = 0.5%,
the distribution is worse than pure R134a because the liquid reach is lower
though the liquid separation height is also lower. As OCR increases to 2.5%
and 4.7%, the liquid reach is higher and the liquid separation height is lower.
Both liquid reach and liquid separation height cause the enlargement of the
churn flow region; thus, improves the distribution in semi-annular flow.
Figure 4.9: Effect of oil on liquid reach (R134a and PAG 46 oil)
Figure 4.12 presents the coefficient of variation as a function of the liquid
mass flux Gl = Gin(1 − xin) in the middle of the header. The value of σ
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Figure 4.10: Liquid reach vs. OCR at min = 6.25 g s
−1 and xin = 0.2
Figure 4.11: Effect of oil on liquid separation (R134a and PAG 46 oil)
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reduces as liquid mass flux increases, i.e. the distribution is better. When
oil is present, at OCR = 0.5%, the curve is above that of pure R134a, i.e.
the distribution is worse than pure R134a at low OCR. At OCR = 2.5%
and 4.7%, the curves are below the curve of OCR = 0.5% and also below the
pure R134a curve, especially at high liquid mass flux, i.e. the distribution is
improved at high OCR. The curve-fit correlations are presented in Eq. 4.6.
Eq. 4.7 obtained by using least square curve-fit method in Matlab is used to
generalize the effects of oil on maldistribution at all OCR conditions.
Figure 4.12: σ as a function of liquid mass flux at different OCR for R134a
Figure 4.13: Generalization of the effects of oil on distribution
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σ =

1.360 exp[−0.041Gin(1− xin)] at OCR = 0.5%
1.188 exp[−0.053Gin(1− xin)] at OCR = 2.5%
0.889 exp[−0.049Gin(1− xin)] at OCR = 4.7%
(4.6)
σ = 0.544 exp[−0.0444Gin(1− xin)]OCR−0.1897 for all three OCR (4.7)
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4.5 Distribution Function of Refrigerant and Lubricant
As discussed in Section 3.4, the method modified from Watanabe et al.[57]
is used to generalize the results and derive the distribution function for pure
refrigerants. Figure 4.14 shows the curve-fit of R134a with PAG oil at dif-
ferent OCR. The derived empirical distribution function is presented in
Eq. 4.8. Since only R134a is studied here, for simplicity Frv,M is not in-
cluded in Eq. 4.8, but OCR is introduced in the distribution function to
consider the effects of oil. Eq. 4.8 contains the data of R134a and PAG 46 oil
at OCR = 0.5%, 2.5%, and 4.7% in the microchannel heat exchanger with
vertical header (D = 15 mm, 5 tubes per pass and 1
2
depth tubes protrusion).
As shown in Figure 4.14a, this equation captures the trend of OCR effects
on distribution, i.e. the liquid take-off ratio is lower as OCR increases. Most
of the predicted values are within ±30% deviation from the measured values,
as in Figure 4.14b.
Γ = 3101x1.189in Re
−0.9305
v,M OCR
−0.1474 for R134a + PAG oil (4.8)
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(a) curve-fit
(b) accuracy
Figure 4.14: Empirical distribution function in terms of liquid take-off ratio
(R134a and PAG 46 oil)
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4.6 Summary and Conclusion
This chapter examines the effects of oil on two-phase flow of refrigerant in the
vertical header, which affects liquid and vapor distribution in the microchan-
nel tubes. Although oil does not change the transition between churn and
semi-annular flow in the header significantly, visualization showed the effects
of oil on two-phase flow in the header in two aspects: 1) as OCR increases,
a lot of bubbles/droplets with smaller size were formed in the header, which
unifies the mixing of liquid and vapor in the header; 2) oil affects the size of
churn flow region in terms of liquid separation height (when the flow regime
is semi-annular flow) and liquid reach. As OCR increases, the liquid separa-
tion height becomes lower but the liquid reach firstly drops at OCR = 0.5%
and then increases. Thus, the distribution is worse at OCR = 0.5% because
of the lower liquid reach. The distribution is increasingly better as OCR
further increases to 2.5% and 4.7% because the churn flow region is larger
due to both higher liquid reach and lower liquid separation height (in semi-
annular flow). At some conditions, the distribution with oil is even better
than pure R134a.
90
Chapter 5
MODELING MALDISTRIBUTION
EFFECTS ON MCHX PERFORMANCE
Previous discussion focuses on quantification of refrigerant distribution by
conducting experiment and generalizing results with statistical parameters,
e.g. standard deviation or coefficient of variation. However, it does not indi-
cate how badly the microchannel heat exchanger performs due to maldistri-
bution. The objective of this chapter is: 1) to quantify how much the capacity
of MCHX is affected by refrigerant maldistribution; 2) to associate MCHX
performance with refrigerant maldistribution by establishing a relationship
between capacity degradation and coefficient of variation. This chapter eval-
uates the capacity degradation in both single-pass and multi-pass MCHX due
to maldistribution in a MCHX model built based on experimental results of
qualities and derived distribution functions.
5.1 Literature Review
Although there were a few studies experimentally tested how badly refriger-
ant maldistribution affected heat exchangers and system performances, most
studies were conducted in a model using assumed quality distribution or an
empirical distribution function.
Stott et al. [80] speculated that R410A maldistribution in a microchannel
evaporator the measured system capacity fell 13% below prediction for dry
coil points and 18% below for wet coil points. Wu and Webb [81] speculated
that the modeled R404A capacity in MCHX was 8% higher than that in
the experiment due to refrigerant maldistribution, which was observed by
use of a thermal imaging camera focused on the air-exit face of the evapo-
rator. By controlling each circuit of a finned-tube evaporator individually,
Choi et al [82] experimentally tested that R22 maldistribution caused 30%
capacity degradation. Kulkarni et al. [25] simulated the effect of R410A
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maldistribution induced by the pressure drop in the horizontal header. The
microchannel evaporators capacity was reduced up to 20%. Brix et al. [83, 84]
modeled R134a and R744 maldistribution in two microchannel tubes, reduc-
ing the cooling capacity up to 23% and 18%, respectively. Byun and Kim [9]
presented R410A maldistribution in a two-pass MCHX. The capacity was
reduced up to 13.4% compared to the uniform case. Bowers et al. [36] in-
troduced a rating parameter based on infrared thermography to evaluate
the effect of refrigerant distribution on MCHX performance. The same au-
thor [49] showed that due to better distribution, MCHX with vertical header
utilized the heat transfer area better than MCHX with horizontal header
with the same area and aspect ratio, and the cooling capacity was higher
by 11.12%. Tuo and Hrnjak [14] showed that quality maldistribution in the
header resulted in up to 18% capacity reduction and 7% COP reduction for
a R134a mobile air-conditioning system.
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5.2 Model of MCHX
Tuo and Hrnjak [85] developed an experimentally-validated model of a mi-
crochannel evaporator, considering quality and header pressure drop induced
maldistribution in the horizontal header. Li and Hrnjak [86] extended this
model to consider lubricant effects. In this study, the model is extended
to evaluate the impact of maldistribution on the performance of multi-pass
MCHX with vertical headers for both pure refrigerant and refrigerant-oil
mixture. It is accomplished by incorporating the quality distribution from
experimental results or derived distribution functions into the model. On
the air side, typical values of microchannel evaporators are chosen for fin
geometries. The geometric parameters and air-side operating conditions are
listed in Table 5.1.
Table 5.1: Geometry and air-side inputs in the model
Item Data
Fin height 13 mm
Fin pitch 1.41 mm
Louver length 10 mm
Microchannel tube length 0.6 m
Air face velocity 2.5 m s−1
Air inlet temperature 10 ◦C for R410A
15 ◦C for R134a
Figure 5.1 shows the schematic drawing of a two-pass MCHX that is ex-
plored to quantify maldistribution impact in this study. The corresponding
discretization schemes are shown in Figure 5.2. The following assumptions
are made to simplify the model without losing generality: 1) no heat conduc-
tion along a tube or between tubes through fins; 2) all headers are adiabatic;
3) refrigerant distribution is uniform among parallel channels of each tube;
4) incoming air has uniform temperature and velocity profile.
Refrigerant mass flow distribution is calculated based on the fact that the
added pressure drop along any flow path is identical to each other. The
overall pressure drop for each unique flow path is expressed as in Eq. 5.1.
∆Pi,flow = ∆Pin +
N∑
1
∆Pi,ihd + ∆Pi,tube +
N∑
1
∆Pi,ohd + ∆Pout (5.1)
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Figure 5.1: Schematic of a two-pass MCHX
Figure 5.2: Computing domain and discretization of MCHX
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The pressure drop in a horizontal tube includes: frictional, acceleration,
sudden contraction as well as sudden expansion pressure drops, as shown in
Eq. 5.2.
∆Pi,tube = ∆Pi,con + ∆Pfri + ∆Pmom + ∆Pi,exp (5.2)
The pressure drop in each element of vertical header includes four compo-
nents: friction, acceleration, gravity pressure drops, and local minor pressure
drop due to microchannel tube protrusion.
∆Pi,ihd/ohd = ∆Pi,acc + ∆Pi,gra + ∆Pi,fri + ∆Pi,pro (5.3)
The selected pressure drop and heat transfer correlations are listed in Ta-
ble 5.2.
Table 5.2: Summary of selected heat transfer and pressure drop correlations
Items Correlations
Air side
Heat transfer coefficient Kim and Bullard [87]
Refrigerant side (Two-phase)
Heat transfer coefficient Chen [88]
Void fraction Zivi [89]
Gravitational pressure drop Homogeneous model
Acceleration pressure drop Homogeneous model
Frictional pressure drop Friedel [90]
Refrigerant side (Single-phase)
Heat transfer coefficient Gnielinski [91]
Frictional pressure drop Churchill [92]
Minor pressure loss
Contraction loss Single phase: Idelchik [93];
Two phase: Collier and Thome[94]
Expansion loss Single phase: Idelchik [93];
Two phase: Collier and Thome[94]
Minor loss due to tube protrusion Yin et al. [11]
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5.3 Modeling Results Using Quality Results from
Experiment
In this section, to evaluate MCHX performance, the quality in each tube from
experiment is directly input into the pressure drop and heat transfer calcu-
lations. The simulation only focuses on the top pass of the heat exchanger
as shown in Figure 5.1 because only these experimental results of qualities
into the tubes are available. Liquid mass flow rate in each tube is calculated
based on equal pressure drop in each flow path. Figure 5.3 presents an ex-
ample of comparing the predicted with the measured liquid mass flow rate
distribution of R410A. The mean deviation is approximately 10%.
Figure 5.3: Validation of the model with experiment quality as inputs
In a direct expansion system, evaporator superheat is usually controlled by
a thermal or electronic expansion valve. The maldistribution effect is quanti-
fied by comparing the evaporator capacity of maldistribution case with that
of uniform distribution case at the same bulk exit superheat. The capacity
degradation is defined in Eq. 5.4,
η = 1− Qmaldis
Quniform
(5.4)
where Qmaldis and Quniform denote evaporator capacity at the maldistribution
case and at the ideally uniform distribution case, respectively.
Figure 5.4 shows the capacity degradation as a function of inlet mass flux
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and quality for R134a. Because of the poorer liquid distribution, as in Fig-
ure 2.14, the capacity degradation monotonically increases with the decrease
of mass flux and/or the increase of quality. In Figure 5.4, it is also noticed
that the capacity degradation is also lower and the performance of MCHX is
better, since the distribution is improved at low qualities by increasing tube
protrusion (as in Figure 2.21). However, at xin = 0.8, the distribution is
deteriorated due to deeper tube protrusion because higher momentum liquid
film in semi-annular flow will bypass more tubes (as in Figure 2.21b); thus,
the capacity degradation is higher and the MCHX performance is worse.
From Figure 5.4, the capacity reduction due to maldistribution is up to 50%
for R134a.
Figure 5.4: Capacity degradation for R134a
Figure 5.5 presents the capacity degradation as a function of inlet mass flux
and quality for R410A. It also manifests that the capacity degradation due to
maldistribution increases as inlet quality increases and/or mass flux decrease.
However, at xin = 0.8, the capacity degradation reaches a minimum value
at min = 3.17 g s
−1. For R410A, the capacity is reduced up to 40% due to
maldistribution. The capacity degradation of R410A is also compared with
that of R134a in Figure 5.5. It is noticed that R134a capacity degradation
is usually higher. However, at high mass flux, the capacity degradation of
R134a is lower than that of R410A.
The trend of capacity degradation is similar to the trend of coefficient of
variation of refrigerant maldistribution. To relate MCHX performance to
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Figure 5.5: Capacity degradation for R410A (compared with R134a)
refrigerant distribution, the capacity degradation is correlated as a function
of coefficient of variation in Figure 5.6. This figure summarizes the data
of R410A and R134a as well as two different tube protrusion for R134a.
The curve-fitting correlation between capacity degradation and coefficient of
variation is presented in Eq. 5.5.
η = 0.4874σ1.4627 (5.5)
As discussed previously, the coefficient of variation is correlated with the
liquid mass flux Gl = Gin(1− xin) in the middle of the header to summarize
refrigerant distribution. The curve-fitting function for R134a and R410A is
presented in Figure 5.7 and Eq. 5.6. It is noticed that with Eq. 5.5 and
Eq. 5.6, it is possible to estimate the effect of refrigerant maldistribution
on MCHX performance with specified inlet conditions (mass flow rate and
quality) and header geometries (diameter and tube protrusion). As liquid
mass flux increases, the coefficient of variation reduces, i.e. the distribution
is better; thus, the capacity degradation is lower. Eq. 5.5 and Eq. 5.6 may
also be used for designing the range of working conditions by deciding how
much capacity degradation can be tolerated.
σ = 0.9323exp[−0.027Gin(1− xin)] (5.6)
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Figure 5.6: Relating capacity degradation with coefficient of variation of
maldistribution
Figure 5.7: Coefficient of variation of R134a and R410A
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5.4 Modeling Results Using Derived Distribution
Function
It is certain that experiment cannot be done each time to determine liquid
mass flow rate or quality in each tube. Besides, to model the performance of
entire multi-pass heat exchanger, e.g. as shown in Figure 5.1, a distribution
function is required to be incorporated into the model.
The distribution function of R134a and R410A based on the experimental
results of this study was published by the author in [62, 63]. The distribution
functions are shown in Eq. 5.7 for R134a and Eq. 5.8 for R410A and they are
applied for MCHX modeling. These functions include the data of both 5 + 5
and 10+10 tubes, 1
2
and 3
4
depth protrusion with D = 15 mm at inlet qualities
from 0.2 to 0.95 and inlet mass fluxes from 21.80 to 129.0 kg m−2 s−1. Before
incorporating these distribution functions into MCHX model, the distribu-
tion functions need to be compared with experimental results for validation.
Since the available experimental results of R134a are limited for multi-pass
MCHX with vertical headers, R410A distribution function Eq. 5.8 is chosen
for validation.
Γ = 39389x1.122in
(
Amin
A
)0.355
Re−1.153v,M for R134a (5.7)
Γ = 421989x1.248in Re
−1.447
v,M for R410A (5.8)
Byun and Kim [9] also derived a distribution function for R410A, as shown
in Eq. 3.2. Eq. 3.2 contains the data for both upward and downward flow in
the header as well as qualities of 0.33 (into the first pass header) and 0.65
(into the second pass header) in one equation. The header and microchannel
tubes geometries are different from those of this study. Figure 5.8 compares
Eq. 5.8 with Eq. 3.2. It is speculated that results of Byun and Kim [9] at
xin = 0.65 are at high Reynolds number due to high velocity, while those
of xin = 0.33 are at low Reynolds number. It is observed that the curve of
Eq. 5.8 at xin = 0.65 is very close to Byun and Kim [9] function at high
Reynolds number and the curve of Eq. 5.8 at xin = 0.33 is close to Byun and
Kim [9] function at low Reynolds number. The difference is usually within
±30%.
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Figure 5.8: Comparing R410A distribution function of this study with that
of Byun and Kim [9]
To further validate the distribution function, Eq. 5.8 is incorporated into
MCHX model. The calculated liquid mass flow rates are compared with
those using experimental quality as input in the model as well as with the
experimental results in Figure 5.9. The predicted results have the same
trend as the experimental ones. The mean deviation is 25.5%. Besides the
comparison of liquid mass flow rates, the heat exchanger capacity is also
compared. When the experimental quality is used as input to the model,
the heat exchanger capacity is calculated to be 0.673 kW; when Eq. 5.8 is
used, the capacity is 0.688 kW (2% difference). However, there is no data
from experiment about the capacity in this geometry. Such comparison is
performed in another geometry in the following paragraph.
Figure 5.10 validates the distribution function by comparing the modeled
HX surface temperature contour and MCHX capacity with experimental re-
sults from Dschida and Hrnjak [1]. They presented R410A maldistribution
in a four-pass MCHX with more than 10 tubes per pass. The geometries
of the header and microchannel tubes are different from those in this study.
Some of their test conditions are shown in Table 5.3. Figure 5.10a presents
the infrared images of surface temperature from the experiment. In each
pass, the superheated region is at the top, which indicates the bottom tubes
have more liquid than the top tubes. Figure 5.10b and Figure 5.10c show
the surface temperature contour and liquid mass flow rate in each tube from
the simulation, respectively. Both show the same trend as the experimental
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Figure 5.9: Validation of the model using distribution function as input
results, i.e. more liquid in the bottom tubes than in the top tubes. How-
ever, it is hard to quantify the difference between modeled and experimental
liquid distribution because the experimental results of liquid mass flow rates
are not available. Table 5.4 compares the results of capacity and superheat.
The capacity from simulation is very close to the experimental result, only
1.3% lower. However, the simulated superheat is about 3 times higher than
the experimental one. Since maldistribution is a very complicated problem,
the simulation results are thought to be good enough.
Based on above analysis, it is believed that the MCHX model predicts rea-
sonable results of distribution and MCHX capacity when using distribution
functions.
Table 5.3: Test conditions of Dschida and Hrnjak [1]
Item Data
Refrigerant mass flow rate 14.09 g s−1
Refrigerant inlet quality 0.2077
Refrigerant inlet temperature −1.506 ◦C
Air inlet temperature 6.433 ◦C
Air face velocity 1.009 m s−1
Figure 5.11 presents the simulation results of R134a and R410A distribu-
tion in the two-pass MCHX with microchannel tubes protruded at 1
2
depth
of inner diameter. The inlet quality is 0.2. Based on the simulation, the
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(a) infrared image of surface
temperature [1]
(b) contour of the surface
temperature from the model
(c) liquid mass flow rate distribution from the model
Figure 5.10: Validation of the model in a four-pass MCHX
Table 5.4: Model results vs. experimental results in Dschida and Hrnjak [1]
Experiment Model
Capacity 2.533 kW 2.501 kW
Superheat 0.612 ◦C 2.184 ◦C
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inlet quality into the second pass is around 0.6. The configuration of the
heat exchanger is as shown in Figure 5.1. The solid line in Figure 5.11 is
the liquid mass flow rate distribution in the first pass, while the dashed line
is the liquid mass flow rate distribution in the second pass. As shown in
Figure 5.11a, for R134a, the best distribution is at min = 6.25 g s
−1. As
mass flow rate reduces, the distribution is worse because most liquid is at
the bottom. For R410A, in Figure 5.11b, at low mass flow rate of 2.14 g s−1,
the bottom tubes have more liquid. At min = 4.19 g s
−1, the distribution is
more uniform than that at 2.14 g s−1. At high mass flow rate of 6.25 g s−1,
the top tubes have more liquid, which is only observed at high quality range
of the experiment results in Figure 3.2. In Figure 3.2, it is noticed that at
min = 6.25 g s
−1 and xin = 0.2, the distribution is more uniform than that
predicted by the model. To solve this problem, the current option is to input
equal inlet quality to the tubes in the model. It is valid when the two-phase
churn flow emerges all the tubes, which can be predicted based on the flow
regime map and liquid reach chart in Section 3.3. The modified results are
shown in Figure 5.11c and maldistribution is mainly in the second pass (i.e.
at high quality) at min = 6.25 g s
−1.
Figure 5.12 illustrates the capacity degradation of R134a and R410A due to
maldistribution in the two-pass MCHX. For R134a, the distribution is almost
uniform at min = 6.25 g s
−1 and there is almost no capacity degradation. As
mass flow rate decreases, the distribution becomes worse, but the capacity
degradation is within 5% for the conditions examined. It is a bit puzzling that
even though the distribution at min = 2.14 g s
−1 is worse than that at min =
4.19 g s−1, the capacity degradation at min = 2.14 g s−1 is lower than that
at min = 4.19 g s
−1. It is contrary to what would be expected. As discussed
previously, refrigerant maldistribution results in lower capacity because it
creates unwanted superheated zone where the heat transfer is lower. Even
though there is maldistribution in both passes, maldistribution in the first
pass does not affect capacity very much because it is probably still two-phase
in the microchannel tubes of the first pass (because the inlet quality to the
second pass is still low, e.g. 0.6). Therefore, capacity degradation is mainly
affected by maldistribution in the second pass, where the superheated zone
is present. At min = 4.19 g s
−1, the capacity of the second pass is 70% of
the total two-pass heat exchanger capacity, which is only 50% of the total
capacity at min = 2.14 g s
−1. As a result, the effect of maldistribution is
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(a) R134a
(b) R410A
(c) R410A modified
Figure 5.11: Maldistribution in two-pass MCHX from the model
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more significant and the capacity degradation is higher at min = 4.19 g s
−1,
thus contrary to the trend of single-pass results in Figure 5.4.
For R410A, the capacity degradation is highest at min = 2.14 g s
−1 (about
30%) and lowest at min = 4.19 g s
−1 (about 5%). The capacity degradation
at min = 6.25 g s
−1 (about 10%) is higher than that at min = 4.19 g s−1
because the distribution in the second pass is worse at min = 6.25 g s
−1,
as in Figure 5.11c. Since maldistribution in the second pass affects capacity
more significantly, the result is as expected. At min = 2.14 g s
−1, the overall
capacity degradation is higher than that at min = 4.19 g s
−1 for R410A,
unlike the case of R134a. It is because for R410A, the capacity of second pass
is about 60% of the total two-pass heat exchanger capacity for all three flow
rate conditions. Therefore, the magnitude of second pass maldistribution
effect on overall capacity is similar for three flow rate conditions and the
worst distribution leads to the highest capacity degradation. The difference
between the trend of R134a and R410A at min = 2.14 g s
−1 may be due
to the latent heat of vaporization of R134a is lower and most refrigerant
evaporates in the first pass and there is not enough liquid in the second pass;
thus, less capacity in the second pass out of overall capacity.
Figure 5.12: Capacity degradation of two-pass MCHX
Table 5.5 lists the cooling capacity of R134a and R410A at both mald-
istribution and uniform distribution conditions. Since the latent heat of
vaporization of R134a is lower than that of R410A, the capacity of R134a
at uniform distribution is lower than that of R410A by 10% - 30%. When
106
maldistribution is present, R134a capacity is also lower than R410A capacity
by 10% (at min = 4.19 g s
−1) and 20% (at min = 6.25 g s−1) except at
min = 2.14 g s
−1 when R410A capacity degradation is so high that R410A
capacity is lower by 7% than that of R134a.
Table 5.5: Two-pass MCHX capacity (Maldistribution/Uniform
distribution)
Unit: kW min = 2.14 g s
−1 min = 4.19 g s−1 min = 6.25 g s−1
R134a 0.331/0.341 0.617/0.655 0.889/0.886
R410A 0.308/0.428 0.688/0.723 1.106/1.246
The distribution function of R134a and PAG oil mixture is presented in
Eq. 4.8. It is incorporated in MCHX model to simulate the effect of oil on
distribution and MCHX performance. Figure 5.13 presents the simulation
results. Although the simulation may not be as good as pure R134a case,
especially at OCR = 0.5%, the model with Eq. 4.8 captures the trend rea-
sonably: the distribution is worse than pure R134a case at OCR = 0.5% and
more liquid is in the bottom tubes; as OCR increases to 2.5% and 4.7%, the
distribution is more uniform and better than pure R134a. At OCR = 2.5%
and 4.7%, the mean deviation of modeling is about 15% and 5% from the
experimental results, respectively. Figure 5.14 presents the effect of oil on
MCHX capacity. The capacity degradation firstly increases then decreases
as OCR becomes higher. At high OCR, Qmaldis is closer to Quniform, but
Qmaldis is reducing since Quniform decreases with respect to OCR. The three
data points of capacity degradation with oil in Figure 5.14 are also related
with the coefficient of variation of maldistribution. They are plotted in Fig-
ure 5.15. It is manifested that the relationship between capacity degradation
and coefficient of variation for pure refrigerants found in Eq. 5.5 is also suit-
able when oil is present.
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Figure 5.13: R134a and PAG oil maldistribution from the model
Figure 5.14: Capacity degradation due to maldistribution (R134a and PAG
oil)
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Figure 5.15: Relating capacity degradation with coefficient of variation of
maldistribution (R134a and PAG oil)
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5.5 Summary and Conclusion
This chapter presents the effects of maldistribution on the capacity of mi-
crochannel heat exchangers. Incorporating the experimental results of qual-
ities or the derived distribution functions into a MCHX model, the quan-
tification of capacity reduction due to maldistribution is obtained. In the
top single-pass of the multi-pass MCHX, the capacity reduced up to 40%
for R410A and 50% for R134a compared to the uniform distribution case.
Capacity degradation is related to coefficient of variation of maldistribution,
which is a function of liquid mass flux in the header. This correlation be-
tween capacity degradation and coefficient of variation is also valid for R134a
with PAG oil.
For the entire two-pass MCHX, the capacity reduced up to 30% for R410A
and 5% for R134a for the conditions examined. The capacity of R410A is
usually higher than that of R134a at given heat exchanger geometry because
R410A latent heat of vaporization is higher than that of R134a.
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Chapter 6
PRESSURE DROP IN THE HEADER
Besides phase separation in the header, maldistribution in MCHX may also
be caused by pressure drop in the header. As discussed in Section 5.3, the
pressure drop in the header causes the pressure drop in the microchannel tube
to be different between each tube, resulting in flow rate maldistribution. This
chapter experimentally investigates the pressure drop in the vertical header
and explores a procedure to estimate the pressure drop in the header based
on experimental results.
6.1 Literature Review
6.1.1 Single-Phase Flow
In the first pass of MCHX, the flow may be single-phase subcooled liquid
supplied into the header (e.g. by flash gas bypass method) while in the last
pass, it may be single-phase superheated vapor in the header. Although there
is no phase separation in these two cases, maldistribution still exists due to
pressure drop in the header [30, 31, 11]. Tuo and Hrnjak [85] presented
that such single-phase maldistribution in MCHX with horizontal headers
also affected the heat exchanger and system performance. Yin et al. [11]
developed a pressure drop model for the whole heat exchanger based on the
experimental results with nitrogen. Ren and Hrnjak [95] examined single-
phase compressed air pressure drop in the horizontal header and improved
the pressure drop model of Yin et al. [11] based on their results.
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6.1.2 Two-Phase Flow
Tompkins et al. [96] presented the two-phase pressure drop of air-water mix-
ture in the horizontal header. The pressure loss in the header was small. At
the end of the header, the pressure was slightly recovered due to the stag-
nation at the end. Similar trend in the horizontal headers was reported by
Kim et al. [48, 24]. However, to the author’s knowledge, the local two-phase
pressure drop in the header was barely examined, and a systematic procedure
to calculate two-phase pressure drop in the header is not available.
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6.2 Experimental Method
The test rig, as shown in Figure 6.1, was used to study pressure drop in
the header. For studying single-phase vapor pressure drop, the section from
condenser to gear pump was bypassed. Nitrogen or single-phase R134a vapor
was supplied from a pressurized cylinder into the system after gear pump
and exited the system to the atmosphere before condenser. For single-phase
R134a liquid and two-phase R134a, the tests were conducted as discussed in
Section 2.2. The local pressure drop in the header, as shown in Figure 6.1 and
Figure 6.2, was measured by deferential pressure transmitters (Rosemount,
0 to 3 inH2O, 0.25% FS).
The uncertainty analysis for pressure drop and pressure loss coefficient was
carried out in EES [61] based on Eq. 2.5. The uncertainty is presented with
the error bars in the figures.
Figure 6.1: Facility schematic (with ∆P measurement)
Figure 6.2: Schematic of ∆P measurement
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6.3 Single-Phase Vapor Pressure Drop
The distribution of R134a vapor (compared with nitrogen) at various inlet
mass flow rate is shown in Figure 6.3. It is noteworthy that the distribution
is not uniform even if the fluid is single-phase. The bottom tube has the
highest flow rate. It is lower for the top tubes, due to the pressure drop in
the header, as discussed in the following analysis.
Figure 6.3: Maldistribution of nitrogen and R134a vapor
Figure 6.4 presents the pressure drop in the header corresponding to loca-
tions of tubes. The differential pressure transducer in ∆P2 does not produce
reasonable values for nitrogen and R134a vapor. Thus, ∆P2 is estimated by
averaging ∆P1 and ∆P3. The pressure drop of R134a vapor is lower than
that of nitrogen because the density of R134a vapor is higher, so the velocity
of R134a vapor is lower than that of nitrogen at same mass flow rate. As
R134a vapor or nitrogen branches out along the flow, the mass flow rate or
velocity in the header decreases. Therefore, the pressure drop in the header
also reduces. For R134a vapor, ∆P5 may be higher than ∆P4. This may
be due to the fact that there is no flow in the last part of the header, and
there is a stagnation region at the top. Based on the results in Fig. 6.4,
the stagnation pressure seems to affect R134a vapor more significantly than
nitrogen, specifically at high inlet mass flow rate.
In each flow path from MCHX inlet to outlet, the pressure drop is equal.
Take R134a vapor flow at min = 4.19 g s
−1 as an example. Tube #1 is
114
closest to the inlet and the pressure drop in the header is just ∆P1, which is
66.12 Pa. Along the upward flow, R134a vapor experiences longer distance
in the header and the pressure drop in the header is higher. The top tube is
farthest from the inlet. It experiences the longest distance in the header and
thus the highest pressure drop in the header, i.e. the sum of ∆P1 to ∆P5,
which is 93.82 Pa. Therefore, the mass flow rate in Tube #1 is the highest
corresponding to the highest pressure drop in the tube, whereas the pressure
drop in Tube #5 is the lowest, so the mass flow rate in this tube is lowest.
This causes single-phase vapor maldistribution in Figure 6.3.
Figure 6.4: Local pressure drop in the header (nitrogen and R134a vapor)
Ren and Hrnjak [95] investigated the pressure drop of compressed air in
a horizontal header. The overall pressure drop in the header includes the
acceleration ∆Pacc, gravitation ∆Pgra, and friction ∆Pfri pressure drops and
minor pressure drop due to protruded microchannel tubes ∆Ppro, as shown
in Eq. 5.3. ∆Pacc, ∆Pgra, ∆Pfri, and ∆Ppro are calculated as in Eq. 6.1,
Eq. 6.2, Eq. 6.3, and Eq. 6.4, respectively. The density ρ in Eq. 6.1 to
Eq. 6.4 is constant and estimated based on Pheader. For ∆Pfri, the equations
for Darcy friction factor are from White [97]. The notations for Seff and
Stube are shown in Figure 6.5. The hydraulic diameter Dh is calculated at
the section of Seff and St. The Reynolds number is calculated based on Dh.
For ∆Ppro, based on their results of compressed air in a horizontal header,
Ren and Hrnjak [95] proposed the empirical correlations, as in Eq. 6.5, to
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calculate the minor pressure loss coefficient ζ.
∆Pacc = ρv
2
i+1 − ρv2i (6.1)
∆Pgra = ρgl (6.2)
∆Pfri = fi
l/2
Dh
Seff
Stot
ρv2i + fi+1
l/2
Dh
Seff
Stot
ρv2i+1 (6.3)
where f =
0.3164Re1/4 4000 < Re < 105(1.8 log Re
6.9
)−2 Re > 105
Stot = Seff + Stube
∆Ppro = ζρ
v2i
2
(6.4)
ζ =

0.75 exp
(
−14.582 vt,i
vM,i
+ 4.017
)
+ 0.11
(
vt,i
vM,i
)2
− 0.218 vt,i
vM,i
if i = 1
−0.4 exp
(
−24.230 vt,i−1
vM,i−1
+ 7.261
)
+ 0.242
vt,i
vM,i
− 0.031vt,i
+0.269 if i = 2
0.297
vt,i
vM,i
− 0.044vt,i + 17.340 exp(−1.715 · i) + 0.165 if i ≥ 3
(6.5)
Figure 6.5: Parameters notation for Eq. 6.3
In this study, Eq. 6.1, Eq. 6.2, and Eq. 6.3 are used to calculate ∆Pacc,
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∆Pgra, and ∆Pfri, respectively. ∆Ppro is obtained by subtracting Eq. 6.1,
Eq. 6.2 and Eq. 6.3 from the measured overall pressure drop ∆P . Figure 6.6
presents each component of pressure drop. ∆Pacc and ∆Ppro are the main
components of overall ∆P . Due to the short distance, ∆Pfri is very small.
∆Pgra is also small because the vapor density is much lower (than liquid). ζ
is calculated based on measured ∆P in Eq. 6.4 and compared with the values
from Eq. 6.5 in Figure 6.7. It is found that only at Location #1, the values
are very close, within ±20% of Eq. 6.5. In other locations, the deviation
from Eq. 6.5 is from 30% to 200%. As flow moves downstream, the deviation
becomes larger.
Figure 6.6: Total, acceleration, gravitation, friction, and minor pressure
drop due to tube protrusion (R134a vapor)
However, in the first few tubes, the values of ∆Ppro are high and the
effects are significant, as shown in Figure 6.4. Although ζ from Eq. 6.5
deviates from the measured values in the last few tubes, it does not affect
too much on the pressure drop calculation. The predicted ∆Ppro based on
Eq. 6.5 is compared with the measured ∆Ppro in Figure 6.8. It is usually
within ±15 Pa, especially for R134a vapor. This is the same accuracy range
as reported in Ren and Hrnjak [95]. The most deviated data are at i = 2 for
nitrogen and R134a vapor. This may be due to the fact that the experimental
results of ∆P2 are estimated by averaging ∆P1 and ∆P3, which may not be
accurate enough. However, by comparing Figure 6.8 with Figure 6.9, it can
be conceived that Eq. 6.5 from [95] improves ∆Ppro prediction rather than
using constant ζ = 0.2 as reported by Yin et al. [11].
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(a) Location #1 (b) Location #2
(c) Location #3 (d) Location #4
Figure 6.7: Minor pressure loss coefficient due to tube protrusion with
nitrogen and R134a vapor
Figure 6.8: The predicted tube protrusion pressure drop using Eq. 6.5
agrees reasonably with the measured (nitrogen and R134a vapor)
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Figure 6.9: The predicted tube protrusion pressure drop based on Yin et
al. [11] deviates from the measured (nitrogen and R134a vapor)
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6.4 Single-Phase Liquid Pressure Drop
Similarly, for single-phase R134a liquid, the pressure drop in the header
causes flow rate maldistribution among the microchannel tubes, as shown
in Figure 6.10.
Figure 6.10: Maldistribution of R134a liquid
The pressure drop in the header is presented in Figure 6.11. ∆P1 is lower
than ∆P2, where the pressure drop is highest in the header. As flow goes
up after the second tube, the pressure drop is decreasing due to losing mass.
Since the tests were done around Tsat = 5
◦C, R134a liquid was likely to be
heated by room air at the aluminum microchannel tube. Therefore, there
were a few bubbles in the header time and again, though the subcooling was
above 10 ◦C. This seems to affect the pressure drop measurement in the last
two tubes. When it is single-phase liquid in the header, ∆Pgra in the header
is calculated to be around 150 Pa. However, the measured overall pressure
drop ∆P in ∆P4 and ∆P5 are usually below 150 Pa, as shown in Fig. 6.12.
These results cannot be used in current analysis. Future work will try to
avoid generating any bubbles.
The same method as Eq. 6.1, Eq. 6.2, Eq. 6.3, and Eq. 6.4 is applied
to analyze each component of the measured overall pressure drop of single-
phase liquid. Unlike the case of R134a vapor, for R134a liquid, the most
important components of pressure drop are ∆Pgra and ∆Ppro, as shown in
Fig. 6.13. Because the liquid density is much higher than vapor density, the
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Figure 6.11: Local pressure drop in the header (R134a liquid)
Figure 6.12: Local pressure drop in the header (R134a liquid) vs. min
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liquid velocity in the header is much lower; thus, ∆Pacc is very small but
∆Pgra is very large.
Figure 6.13: Total, acceleration, gravitation, friction, and minor pressure
drop due to tube protrusion (R134a liquid)
As shown in Fig. 6.14, the model of ∆Ppro based on Eq. 6.5 from [95] does
not work well for single-phase liquid. The new correlations for ζ are derived,
as in Eq. 6.6. The same format as Eq. 6.5 is used, but the coefficients in
Eq. 6.6 are obtained by curve-fitting the experimental results of R134a liquid
based on least square method, as shown in Figure 6.15. Fig. 6.16 shows that
the prediction of Eq. 6.6 is much better; most data are within ±15 Pa.
ζ =

0.616 exp
(
0.959
vt,i
vM,i
+ 0.551
)
− 3.724
(
vt,i
vM,i
)2
− 5.690 vt,i
vM,i
if i = 1
−31.875 exp
(
−92.370 vt,i−1
vM,i−1
+ 453.187
)
+ 113.216
vt,i
vM,i
−802.277vt,i − 412.364 if i = 2
−666.473 vt,i
vM,i
− 137.879vt,i + 1.351 exp(2.749 · i) + 0.562 if i ≥ 3
(6.6)
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Figure 6.14: The predicted tube protrusion pressure drop from Eq. 6.5
deviates significantly from the measured (R134a liquid)
(a) Location #1 (b) Location #2
(c) Location #3
Figure 6.15: Minor pressure loss coefficient due to tube protrusion of R134a
liquid
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Figure 6.16: Eq. 6.6 improves the prediction of tube protrusion pressure
drop for R134a liquid
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6.5 Two-Phase Flow Pressure Drop
The pressure drop of two-phase R134a in the header was measured while the
visualization of two-phase flow in the header was recorded at the same time.
The pressure drops are presented in Figure 6.17, and the flow regimes are
shown in Figure 6.18. At qualities of xin = 0.2, 0.4, and 0.6, the pressure
drop at Location #2 is higher than that at Location #1. For the other
locations, the pressure drop monotonically decreases along the flow. At high
quality of xin = 0.8, the pressure drop increases along the flow. At the last
few top locations, the pressure drop is very similar in all cases.
(a) min = 3.17 g s
−1 (b) min = 4.19 g s−1
(c) min = 5.22 g s
−1 (d) min = 6.25 g s−1
Figure 6.17: Two-phase pressure drop in the header
In two-phase flow, the measured overall pressure drop ∆P also includes
four components: ∆Pacc, ∆Pgra, ∆Pfri, and ∆Ppro. The correlations to
calculate ∆Pacc, ∆Pgra, and ∆Pfri are shown in Eq. 6.7, Eq. 6.8 and Eq. 6.9,
respectively. Eq. 6.9 is based on Lockhart and Martinell method [98]. ∆Pfri,v
is calculated based on Eq. 6.3. The void fraction is calculated in Eq. 6.10
based on Zivi [89]. ∆Ppro is obtained by subtracting the calculated ∆Pacc,
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(a) xin = 0.2 (b) xin = 0.4
(c) xin = 0.6 (d) xin = 0.8
Figure 6.18: Two-phase flow regime in the header
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∆Pgra, and ∆Pfri from the measured ∆P .
∆Pacc =
[
G2i+1
x2i+1
ρvαi+1
+G2i+1
(
(1− xi+1)2
ρl(1− αi+1)
)]
−
[
G2i
x2i
ρvαi
+G2i
(
(1− xi)2
ρl(1− αi)
)]
(6.7)
∆Pgra = [(1− αi)ρl + αiρv]g l
2
+ [(1− αi+1)ρl + αi+1ρv]g l
2
(6.8)
∆Pfri = φ
2
v,i∆Pfri,v,i + φ
2
v,i+1∆Pfri,v,i+1 (6.9)
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(6.10)
Figure 6.19 presents two examples of pressure drop in the header at both
low and high inlet qualities. At low inlet quality in Figure 6.19a, the flow
regime is churn. There is a lot of liquid in the header. The situation is
closer to the case of single-phase liquid flow. The velocity in the header is
relatively low but the average density or mass is high. Thus, ∆Pacc and ∆Pfri
are very small, and the major components of pressure drop are ∆Pgra and
∆Ppro. The trend of pressure drop along the flow is a result of losing mass
(which mainly affects ∆Pgra) and changing velocity (which mainly influences
∆Ppro). On the other hand, at high inlet quality in Figure 6.19b, the flow
regime is semi-annular. Most part of the header is occupied by vapor, and
the situation is closer to the case of vapor flow. The velocity in the header is
high, but the average density or mass is low. Thus, the total pressure drop
∆P is mainly affected by ∆Pacc and ∆Ppro rather than ∆Pgra and ∆Pfri.
Because of losing mass, the momentum in the header is decreasing, resulting
in negative acceleration pressure drop. It causes the measured ∆P to be
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negative. Eventually, it leads to pressure gain instead of pressure drop in the
top part of the header at high quality conditions.
(a) at min = 3.17 g s
−1 and xin = 0.2
(b) at min = 6.25 g s
−1 and xin = 0.8
Figure 6.19: Two-phase pressure drop in the header
The measured ∆P in the header at all conditions, including ∆Pacc, ∆Pgra,
∆Pfri, and ∆Ppro, is presented in Fig. 6.20. They are related to the vapor
mass flux in the header immediately upstream.
By comparing the results of single-phase vapor and single-phase liquid, the
procedure for calculating single-phase vapor ∆Ppro is more reliable. There-
fore, the two-phase ∆Ppro is related to the single-phase vapor ∆Ppro by a
multiplier φ2pro,v. At first, the two-phase tube protrusion pressure drop is
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Figure 6.20: Total, acceleration, gravitation, friction, and minor pressure
drop due to tube protrusion (two-phase R134a)
considered similar to the two-phase pressure drop through an orifice. The
method developed by Chisholm [99] is applied to generalize the results, but
it does not work very well. Thus, the multiplier is proposed to be related to
the vapor mass flux in the header immediately upstream of the microchan-
nel tube, as shown in Figure 6.21. In a few cases, the values of φ2pro,v are
negative (slightly less than zero), which may be due to uncertainty of ∆P
measurement from experiment or the accuracy of calculating ∆Pacc, ∆Pgra,
and ∆Pfri. Since the negative values of φ
2
pro,v are lacking physical meaning
and do not generate meaningful curve-fit correlation, only positive values of
φ2pro,v are considered for curve-fit, as shown in Figure 6.22. The obtained
curve-fit correlation is presented in Eq. 6.12. To the author’s knowledge, this
is the first correlation available to calculate two-phase minor pressure drop
due to tubes protrusion.
∆Ppro = φ
2
pro,v∆Ppro,v (6.11)
φ2pro,v = 14981.5(GM,ixM,i)
−3.354 (6.12)
To check the accuracy, the calculated overall ∆P (using Eq. 6.7 for ∆Pacc,
Eq. 6.8 for ∆Pgra, Eq. 6.9 for ∆Pfri, and Eq. 6.11 & Eq. 6.12 for ∆Ppro)
is compared with the measured overall ∆P in Figure 6.23. For the positive
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Figure 6.21: Two-phase tube protrusion pressure drop multiplier
Figure 6.22: Curve-fit of two-phase tube protrusion pressure drop multiplier
against vapor mass flux in the header immediately upstream of the tube
130
∆P , i.e. at low qualities, 85% of the data are within ±20 Pa of the experi-
mental results. For the negative ∆P , i.e. at high qualities, the accuracy is
lower. Future work should improve the model at negative ∆P cases, i.e. at
high qualities. Then, improve MCHX modeling in Chapter 5. However, as
discussed previously, phase separation in the header is the main factor that
causes refrigerant maldistribution in the two-phase flow and it is the most
important factor in modeling.
Figure 6.23: Accuracy of calculating two-phase pressure drop in the header
using Eq. 6.7, Eq. 6.8, Eq. 6.9, and Eq. 6.11 & Eq. 6.12
Fig. 6.24 presents the pressure drop in the vertical header ∆Pheader from the
middle to the top (the sum of ∆P1 to ∆P5). The value of single-phase liquid
∆Pheader is on the same order of magnitude to the measured pressure drop
in the horizontal header (i.e. 600 Pa in different geometries) as reported by
Tuo and Hrnjak [85]. As quality increases, ∆Pheader decreases because ∆Pgra
is lower and ∆Pacc is further negative. At xin = 0.6 and 0.8, ∆Pheader is
negative, so in the top exiting region (top half of the entire header), there is
pressure gain instead of pressure drop. At xin = 1, it becomes single-phase
vapor flow, and the pressure drop becomes positive and higher than the two-
phase flow cases at xin = 0.6 and 0.8. On the other hand, as inlet mass flow
rate increases, ∆Pheader slightly increases as expected. The exception is at
xin = 0.6 and 0.8, probably due to the balance between ∆Pgra and ∆Pacc.
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Figure 6.24: Pressure drop in the vertical header (summation of ∆P1 to
∆P5)
132
6.6 Summary and Conclusions
This chapter investigated the pressure drop in the vertical header of R134a
vapor (compared with nitrogen), R134a liquid, and two-phase R134a.
Maldistribution exists even in single-phase fluid flow. This is caused by
the pressure drop in the header, which includes the acceleration, gravitation,
friction, and minor pressure drop due to tube protrusion. The previously
reported correlation in Ren and Hrnjak [95] proves to be reliable to calculate
the tube protrusion pressure drop of R134a vapor (and nitrogen) by compar-
ing with the experimental results of this study. However, for R134a liquid,
this set of equations does not work very well. The coefficients of the corre-
lations in Ren and Hrnjak [95] are modified for R134a liquid based on the
experimental results of this study.
For two-phase R134a, to calculate the minor pressure drop due to tube
protrusion, the proposed method is to multiply the minor pressure drop cor-
relation of single-phase vapor (Eq. 6.4 and Eq. 6.5) by a two-phase multiplier.
The multiplier is related to vapor mass flux in the header immediately up-
stream. Thus, the proposed procedure to calculate the two-phase pressure
drop in the header is to use Eq. 6.7 for acceleration, Eq. 6.8 for gravitation,
Eq. 6.9 for friction, and Eq. 6.11 & Eq. 6.12 for minor pressure drop due to
tube protrusion.
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Appendix A
Visualization of R134a Flow in the Header
5 + 5 12 Depth Protrusion Header
Figure A.1: Flow regimes of R134a in 5 + 5 1
2
depth protrusion header at
min = 2.14 g s
−1
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Figure A.2: Flow regimes of R134a in 5 + 5 1
2
depth protrusion header at
min = 3.17 g s
−1
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Figure A.3: Flow regimes of R134a in 5 + 5 1
2
depth protrusion header at
min = 4.19 g s
−1
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Figure A.4: Flow regimes of R134a in 5 + 5 1
2
depth protrusion header at
min = 5.22 g s
−1
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Figure A.5: Flow regimes of R134a in 5 + 5 1
2
depth protrusion header at
min = 6.25 g s
−1
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5 + 5 34 Depth Protrusion Header
Figure A.6: Flow regimes of R134a in 5 + 5 3
4
depth protrusion header at
min = 2.14 g s
−1
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Figure A.7: Flow regimes of R134a in 5 + 5 3
4
depth protrusion header at
min = 3.17 g s
−1
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Figure A.8: Flow regimes of R134a in 5 + 5 3
4
depth protrusion header at
min = 4.19 g s
−1
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Figure A.9: Flow regimes of R134a in 5 + 5 3
4
depth protrusion header at
min = 5.22 g s
−1
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Figure A.10: Flow regimes of R134a in 5 + 5 3
4
depth protrusion header at
min = 6.25 g s
−1
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10 + 10 12 Depth Protrusion Header
Figure A.11: Flow regimes of R134a in 10 + 10 1
2
depth protrusion header
at min = 2.22 g s
−1
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Figure A.12: Flow regimes of R134a in 10 + 10 1
2
depth protrusion header
at min = 4.28 g s
−1
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Figure A.13: Flow regimes of R134a in 10 + 10 1
2
depth protrusion header
at min = 6.33 g s
−1
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Figure A.14: Flow regimes of R134a in 10 + 10 1
2
depth protrusion header
at min = 8.39 g s
−1
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Appendix B
Visualization of R410A Flow in the Header
5 + 5 12 Depth Protrusion Header
Figure B.1: Flow regimes of R410A in 5 + 5 1
2
depth protrusion header at
min = 2.14 g s
−1
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Figure B.2: Flow regimes of R410A in 5 + 5 1
2
depth protrusion header at
min = 3.17 g s
−1
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Figure B.3: Flow regimes of R410A in 5 + 5 1
2
depth protrusion header at
min = 4.19 g s
−1
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Figure B.4: Flow regimes of R410A in 5 + 5 1
2
depth protrusion header at
min = 5.22 g s
−1
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Figure B.5: Flow regimes of R410A in 5 + 5 1
2
depth protrusion header at
min = 6.25 g s
−1
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10 + 10 12 Depth Protrusion Header
Figure B.6: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header at
min = 2.22 g s
−1
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Figure B.7: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header at
min = 4.28 g s
−1
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Figure B.8: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header at
min = 6.33 g s
−1
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Figure B.9: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header at
min = 8.39 g s
−1
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Figure B.10: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header
at min = 10.44 g s
−1
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Figure B.11: Flow regimes of R410A in 10 + 10 1
2
depth protrusion header
at min = 12.50 g s
−1
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Appendix C
Visualization of R32 Flow in the Header
5 + 5 12 Depth Protrusion Header
Figure C.1: Flow regimes of R32 in 5 + 5 1
2
depth protrusion header at
min = 1.62 g s
−1
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Figure C.2: Flow regimes of R32 in 5 + 5 1
2
depth protrusion header at
min = 2.55 g s
−1
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Figure C.3: Flow regimes of R32 in 5 + 5 1
2
depth protrusion header at
min = 3.47 g s
−1
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Figure C.4: Flow regimes of R32 in 5 + 5 1
2
depth protrusion header at
min = 4.51 g s
−1
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Figure C.5: Flow regimes of R32 in 5 + 5 1
2
depth protrusion header at
min = 5.55 g s
−1
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Appendix D
Visualization of R245fa Flow in the Header
5 + 5 12 Depth Protrusion Header
Figure D.1: Flow regimes of R245fa in 5 + 5 1
2
depth protrusion header at
min = 1.76 g s
−1
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Figure D.2: Flow regimes of R245fa in 5 + 5 1
2
depth protrusion header at
min = 2.66 g s
−1
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Figure D.3: Flow regimes of R245fa in 5 + 5 1
2
depth protrusion header at
min = 3.57 g s
−1
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Figure D.4: Flow regimes of R245fa in 5 + 5 1
2
depth protrusion header at
min = 4.71 g s
−1
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Appendix E
Visualization of R134a and PAG Oil Flow in
the Header
OCR = 0.5%
Figure E.1: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 3.17 g s
−1 and OCR = 0.5%
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Figure E.2: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 4.19 g s
−1 and OCR = 0.5%
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Figure E.3: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 5.22 g s
−1 and OCR = 0.5%
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Figure E.4: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 6.25 g s
−1 and OCR = 0.5%
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OCR = 2.5%
Figure E.5: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 2.14 g s
−1 and OCR = 2.5%
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Figure E.6: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 3.17 g s
−1 and OCR = 2.5%
173
Figure E.7: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 4.19 g s
−1 and OCR = 2.5%
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Figure E.8: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 5.22 g s
−1 and OCR = 2.5%
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Figure E.9: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 6.25 g s
−1 and OCR = 2.5%
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OCR = 4.7%
Figure E.10: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 2.14 g s
−1 and OCR = 4.7%
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Figure E.11: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 3.17 g s
−1 and OCR = 4.7%
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Figure E.12: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 4.19 g s
−1 and OCR = 4.7%
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Figure E.13: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 5.22 g s
−1 and OCR = 4.7%
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Figure E.14: Flow regimes of R134a and PAG 46 oil in 5 + 5 1
2
depth
protrusion header at min = 6.25 g s
−1 and OCR = 4.7%
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